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Summary 
Reversibly soluble enzyme preparations have the unique advantage of exhibiting 
high enzyme activity, superior abiUty to act on large molecular weight and 
insoluble substrates along with the convenience of ready separation from the 
reaction mixture. Attempts have been made in this study to prepare immobilized 
but reversibly soluble preparations of glycoenzymes with the help of poly N-
isopropylacrylamide (pNIPAm)-based polymers as support. 
Invertase was immobilized on pNIPAm containing 4.0% (w/w) glycidyl 
methacrylate (GMA) both by covalent coupling and affinity binding. The affinity 
bound invertase preparation showed somewhat higher effectiveness factor (r|), the 
ratio of actual to theoretical activity of the immobilized enzyme preparation, than 
the preparation in which the enzyme was covalently coupled. Temperature optima 
of the immobilized invertase preparations were not altered, but the temperature-
activity profiles were broader especially in the affinity bound preparation. 
Thermal inactivation at 60°C also revealed the higher stability of the immobilized 
enzyme preparations. The covalently coupled and the affinity bound preparations 
retained 68% and 74% activity, respectively after 180 minutes of incubation at 
60°C, while native invertase retained only 23% activity under the similar 
conditions. 
In order to investigate the possible effect of the molecular weight of the 
pNIPAm on the behaviour of the coupled enzyme, pNIPAm containing 4.0% 
(w/w) GMA was fractionated into high molecular weight (HMW), medium 
molecular weight (MMW) and low molecular weight (LMW) fractions by gel 
filtration through a Sepharose 4B column. The HMW, MMW and LMW pNlPAm 
exhibited the transition temperature (LCST) of 3 r C , 32°C and 33°C, respectively. 
The pNIPAm polymers were coupled with con A and used for the immobilization 
of p-galactosidase. While p-galactosidase was bound to all of the polymer 
preparations, more enzyme was immobilized on HMW polymer. The MMW 
preparation however exhibited highest 'rj' value. The polymer boimd enzyme 
preparations did not show any change in the optimum temperature but were 
markedly more stable at 60°C. The MMW preparation was also the most stable 
among all the three preparations. The pH-activity profiles of all the three pNIPAm 
bound p-galactosidase preparations were comparable at 25°C and 35°C, the 
temperatures above and below the LCST, but these were somewhat broader at 
25°C. The MMW polymer bound preparation exhibited maximum retained 
activity at the extremes of pH both at IS^C and 35°C. The Km vaJue of §-
galactosidase bovmd to MMW polymer was lower as compared to the native 
enzyme and HMW and LMW bound preparations when ONPG was used as a 
substrate. 
For investigating the effect of imiformly oriented coupling of enzymes on 
pNIPAm, stem bromelain was selected as a model. The enzyme contains a single 
oligosaccharide chain that is not involved in the catalytic process. Bromelain was 
coupled to pNIPAm either via the amino groups (randomly coupled) or the lone 
oligosaccharide chain (uniformly coupled). The 'r|' value was higher for the 
uniformly coupled bromelain preparation as compared to the randomly coupled 
preparation, suggesting higher access of casein to the enzyme. The pNlPAm 
coupled preparations exhibited broader pH-activity profiles and shifting of pH 
optimimi to pH 10.0 at 35°C. At 25°C however the shifting of pH optimum was 
observed only in case of the randomly coupled enzyme. The temperature-activity 
profiles of bromelain coupled to pNlPAm also showed appreciable broadening, 
with the preparations retaining greater fractions of maximum activity above 
temperature optimum. The optimum temperature of the uniformly oriented 
preparation but not the randomly coupled preparation increased to 70°C. The 
inactivation rates of the pNlPAm coupled bromelain were remarkably low at 60°C 
as compared to the native enzyme. Binding of the anti-bromelain antibodies 
further improved the resistance to inactivation of the polymer coupled 
preparations. The randomly coupled bromelain was more stable than the native 
and uniformly coupled enzyme and retained over 35% activity after an incubation 
of 180 minutes at 60°C. The native and uniformly coupled enzyme retained only 
10% and 24% activities, respectively under the conditions. Binding of the 
antibodies resulted in very marked increase in the retained activity of the bound 
enzyme. Randomly coupled enzyme with bound enzyme exhibited over 75% 
retention of initial activity after 180 minutes of incubation at 60°C. The pattern of 
proteolysis of large molecular weight substrates, hemoglobin and IgG was 
unaffected by immobilization of bromelain on pMPAm. While hemoglobin was 
degraded completely, IgG was partially hydrolyzed both by native and 
immobilized bromelain preparation. 
In order to prepare pNlPAm coupled enzyme preparations with higher 
LCST, NIPAm polymers containing various concentrations of acrylamide (Ac) or 
acrylic acid (AAc) were synthesized. Incorporation of Ac or AAc into the polymer 
increased the LCST in a concentration dependent manner but AAc was more 
effective in this regard; the LCST rose to 40°C when 6% (mol) AAc concentration 
was used. Incorporation of Ac or AAc, moderately increased the coupling of 
enzyme to the polymer and 'x] of the coupled enzyme. The pH-activity profiles of 
the polymer coupled enzyme revealed a shift in the optimum pH towards 
alkahnity and all the preparations showed optimum activity at pH 10.0. While 
native bromelain was optimally active at 60°C, all the polymer linked preparations 
exhibited optimmn temperature of 70°C. Bromelain preparations immobilized on 
pNIPAm containing 6% AAc showed higher retained activity at 40°C which was 
comparable with that of the native enzyme. Increase in the concentration of Ac or 
AAc resulted in a clear increase in the fraction of activity retained after exposure 
to 60°C and most resistant preparation was one which contained 6% (mol) AAc. 
While, all the pNIPAm coupled preparations digested hemoglobin efficiently, in 
the samples incubated with those containing higher percentage of Ac or AAc, 
some resistance of small peptides generated, to further digestion was observed. 
Bromelain coupled pNIPAm was effective in the purification of anti-
bromelain IgG from rabbit anti-serum. At pH 8.0 and 25°C, the binding and 
recovery of antibodies from the anti-serum was optimal. The antibodies could be 
conveniently recovered by eluting them from the soluble enzyme conjugate using 
glycine-HCl, pH 3.0 and then raising the temperature of the polymer. The eluted 
material gave two bands corresponding to the light and heavy chains of IgG and 
retained the ability to bind bromelain as revealed by ELISA. 
The leakage of pNIPAm coupled bromelain from calcium alginate beads 
could be effectively controlled by the alteration in temperature. Leakage of free 
bromelain from alginate beads, containing various concentrations of the alginate 
was rapid, with more enzyme leakage occurring in beads of lower alginate 
concentrations. Leakage of the pNIPAm-bromelain was markedly slow as 
compared to the native enzyme but was relatively high from the beads containing 
lower concentrations of alginate. Alginate beads when incubated at 25°C, a 
temperature lower than the LCST, leaked significant pNlPAm-linked enzyme, but 
the release almost stopped when the temperature was raised above the LCST. 
Since the mammalian body temperature is above the LCST of the pNIPAm, it was 
envisaged that the enzyme linked to the polymer may be selectively released in 
vivo from a porous network like that of calcium alginate by local cooling. 
To increase the amount of enzyme immobilized on pNIPAm, 
immunoaffinity layering was adopted. Layering of bromelain and anti-bromelain 
IgG, alternately on pNlPAm showed remarkable increase in the amount of bound 
enzyme and 'r]' wdth every affinity layer. There was no alteration in the observed 
LCST, with the building of initial antibody-enzyme layers, but third and fourth 
affijiity layers resulted in a small decrease in LCST of the preparations. There was 
a shift in pH optima towards alkaline range in case of the affinity layered 
preparations, both at 25°C and 35°C as compared to the native enzyme,. The pH-
activity profiles were comparable for all the affinity layered preparations, but were 
broader at 25°C than those at 35°C. The preparations also exhibited a shift in 
temperature optima to 70°C. All the affinity layered preparations showed 
improved resistance against inactivatioii at 60°C as compared to the native 
enzyme, which increased with the number of affinity layers. Native bromelain 
exhibited only 6% retention of the activity after incubation for 240 minutes at 
60°C while pNIPAm bound preparations containing one, two, three and four 
affinity layers retained 32%, 58%, 75% and 88% activities , respectively. 
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1.0 Introduction 
1.1 Enzyme immobilization 
Enzymes are catalysts of biological origin that are highly specific and remarkably 
active under mild environmental conditions (Polastro, 1989; Benkovic and 
Ballesteros, 1997). Such properties have enabled them to become valuable catalysts 
in food, beverage (Reed, 1975) and diagnostic industries (Guilbault, 1982; 1984). 
The major limitations in the use of the enzymes are their high susceptibility to 
inactivation, high cost, poor recovery and hence limited reusability. Enzymes are 
inherently labile; their operational stabilization is therefore of paramount 
importance for any bioprocess. Enzyme immobilization technology introduced in 
the late sixties has circumvented the problems to a significant extent and several 
enzymes are currently being employed as stable and reusable catalysts for 
analytical (Wu and Cheng, 2005), biomedical (Liang et al, 2000; Demers et al, 
2001) and industrial applications (Garcia-Junceda et al., 2004). 
Immobilized enzymes are defined as those that are physically confined or 
locaUzed, with retention of their catalytic activity, greater efficiency, and which 
can be used repeatedly and continuously (Zaborsky, 1973; Chibata, 1978). 
Immobilization provides operational stablization to the enzymes for the 
bioprocesses against various denaturing/inactivating factors like extremes of pH 
and temperature, high ionic strength, chemical denaturants, proteases, etc (Ursini 
et al., 1999) by restricting their unfolding. They also display kinetic behaviour 
subtly different from those of soluble enzymes. Immobilization thus imparts novel 
characteristics to enzymes and sometimes even modifies their basic catalytic 
behaviour (Clark, 1994, Cao etal., 2003). 
A variety of strategies are available for the immobilization of the enzymes 
and these are classified basically into five groups: covalent coupling, adsorption, 
micro encapsulation, matrix entrapment and chemical aggregation (Fig. 1). 
Excellent reviews are available on the subject (Chang, 1964; Weetal, 1974; Levy et 
h-iirnduciion 
aJ, 1980; Lim and Sun, 1980; Mattiasson et al, 1983; Founlds and Lowe, 1988; 
Worsfold, 1995; Cao, 2005). 
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Figure I A schematic representation of the various immobilization 
strategies 
Enzyme immobilization technology has remarkable potential in increasing 
the usefulness of enzymes (Poulson, 1984). Major developments in this field took 
place since 1970s and approaches used to design immobilized enzymes are now 
more rational, integrated and sophisticated. Immobilized enzymes are cxirrently 
being widely employed in new areas like bio-sensors (Scouten et al, 1995; 
Marzouki, et al., 2005). Novel strategies (crosslinked enzymes, combination of 
different immobilization methods, pre/post immobilization modifications, etc) 
have been developed for improving the performance of immobilized enzymes 
(Rocha ef a/, 1998; Reetz et al, 2003; Cao et al, 2003; Hilal et al, 2004; Dalai et 
al, 2007; Wilson et al., 2004). Various natural and synthetic supports like alginate. 
Agarose, poly-acrylamide co-polymers, polyvinyl acetate, dextrin, cellxilose 
acetate, lipid polyamide, PEI-Nylon, etc are available for enzyme immobilization 
(Mohr and Pommerening, 1985). Choice regarding the nature of the carrier for 
immobilization of enzymes is made according to the requirements of the process 
(Van era/., 2002). 
New methods are also being currently explored for the favourable and 
uniform oriented immobilization of the enzymes in order to restrict their 
inactivation by protecting active sites and loss in activity by conformational 
changes. Bioaffinity based procedures are gaining popularity as several of these 
also result in oriented immobilization. Specific groups that help to orient the 
enzyme are present as nature's default or could be introduced chemically or 
genetically (Baneyx et al., 1990; Saleemuddin, 1999; Roy and Gupta, 2006). The 
specific affinity pairs that can be exploited for bioaffinity based immobilization of 
enzymes are lectin-carbohydrates/glycoproteins (Ahmad et al., 1973), avidin-
biotin (Green, 1963) and antigen-antibody (Shoemaker et al, 1984). Potential of 
other affinity pairs like histidine bearing enzymes-metal ions (Vijayalakshmi, 
1989; Arnold, 1991) and cellulose-cellulose binding domain bearing enzymes 
(Richins et al., 2000) have also been recognized. Specific polyclonal/monoclonal 
antibodies have been successfully used to provide increased stability to the 
enzymes in addition to orient them favourably on supports. Antibodies have been 
shown to confer stability to several enzymes by increasing their resistance to 
unfolding and/or by physical shielding of the vulnerable sites on the surface of the 
enzyme (Shami et al 1989; Jafi-i etal, 1993; 1995). 
Immobilization of enzymes on solid supports no doubt increases the total 
productivity and life-span of the enzyme but it also renders them water insoluble. 
In a heterogeneous reaction system involving solid support immobilized enzymes, 
serious problems of substrate diffusion within the support, enzyme leakage from 
the support and separation of the immobilized enzyme from unreacted solid 
residue and/or solid reactant in the reaction mixture are encountered. 
Immobilization of enzymes on or within solid supports can therefore lead to 
significant activity loss. As an alternative, immobilization on soluble supports was 
adopted to overcome the problems (Wonkhalaung et al, 1985; Lenders et al, 
1986). The soluble supports could provide enhanced stability in case of some 
enzymes but facilitate only limited reusability of the immobilized enzymes. 
Enzyme immobilized on a reversibly soluble-insoluble support, that can change 
solubility depending on the temperature, pH, etc of the reaction mixture, not only 
act effectively in a soluble state on high molecular weight substrates (Arasaratnam 
et al., 2000) hut can be also recovered in an insoluble state from the reaction 
mixture by a slight shift in temperature, pH, etc (Fig. 2). The polymer-enzyme 
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Figure 2 A schematic representation of the thermal recycling process of 
the polymer-enzyme conjugate (Ref: Ding et al., 1997) 
conjugates when in soluble form retain high catalytic efficiency of the free 
enzyme and can be easily separated from the solution by inducing phase 
separation. The collapse and re-swelling of the gel also causes a pumping action 
that enhances mass transfer within the gei resulting in the enhanced substrate 
conversion efficiency (Park and Hoffman, 1990). 
1.2 Smart polymers 
Response to external stimuli and adapting themselves to changing conditions are 
the basic characteristics of living systems, based on biopolymers. The biopolymers 
respond to external stimuli in a non-linear fashion but are caused by highly 
cooperative interactions. Researchers have been trying to mimic this behaviour of 
biopolymers by using synthetic polymeric substances with the unique properties 
(Aguilar et al, 2007). These polymers respond to small changes in environmental 
stimuli Uke temperature, pH, electric or magnetic field or some other parameters 
with reversible, large and sometimes discontinuous changes in their physical state 
or properties. That is why these are known as "stimuli-responsive" or 
"environmentally sensitive" polymers and are popularly called "smart" polymers 
(Dagani, 1995; Galaev and Mattiasson, 1999). The polymers undergo fast, 
reversible changes in microstructure from a hydrophilic to a hydrophobic state 
(Hoffman, 1987; 1995; 1997). The changes are triggered by small alterations in the 
environment but are apparent at the macroscopic level as the onset of turbidity 
appears in the aqueous solution of the polymer, converting the interface from 
hydrophilic to hydrophobic. The smart polymers cross-linked in the form of 
hydrogels exhibit a sharp collapse and release much of its swelUng solution. These 
macroscopic changes are also reversible and the system returns to its initial state 
when the trigger is removed (Galaev et al., 1996). The driving force behind these 
transitions varies with stimuli including the neutralization of charged groups by 
either pH shift or the addition of an oppositely charged polymer, changes in the 
efficiency of hydrogen bonding with an increase in temperature or ionic strength 
and collapse of hydrogels and interpenetrating polymer networks (Hoffman, 2000; 
Stayton, 2005). An appropriate balance of hydrophobicity and hydrophilicity in 
the molecular structure of the polymer is believed to be required for the phase 
transition to occur. Once the transition takes place there is no further change, 
indicating all or none kind of response with complete uniformity throughout the 
polymer. 
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As the stimulus-responsive behaviour occurs in aqueous solutions, the 
smart polymers and hydrogels are becoming increasingly attractive for 
biotechnology and medicine. Extensive work has been done on such smart 
polymer-biomolecule systems (Table 1) with applications in affinity separations, 
biosensors, diagnostics, enzyme processes, targeted drug delivery etc (Bronsted and 
Kopecek, 1992; Osada and Gong, 1993; Malmstadt, 2003; 2004; Hoffman, 2000; 
Hoffman et al, 2002; Hoffman and Stayton, 2004; Suzuki and Hiraza, 1995; 
Okano, 1993). Smart polymers may be physically mixed with or chemically 
conjugated to biomolecules to yield a large family of polymer-biomolecule systems 
that can respond both to physical and chemical stimuli. As shown in figure 3 there 
are a variety biomolecules that may be polymer-conjugated include proteins and 
oligopeptides, sugars and polysaccharides, single- and double-stranded oligo-
Biocompatible Polymer 
Backbone (Stimuli-responsive) 
Biofunctional Molecule 
Ligand 
Sisnal Grouo 
Lipophillic Group 
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Non-Fouline Grouo 
Figure 3 A schematic representation of the variety of synthetic biomolecules 
that may be conjugated to a smart polymer (Ref: Hoffman, 2000) 
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Table 1 Potential applications of smart polymer-biomolecule conjugates 
Biomimetic actuators 
Affinity precipitation 
proteins 
of 
Kokufuta and Aman (1997), Shiga 
(1997) 
Guoqiang et al. (1995), Fong et al. 
(2002), Mori efaZ (2001) 
Aqueous two phase polymer 
systems tor protein puritTcatibn 
Frakas et al. (1996), Lu ef a/(1996) 
Smart surfaces for mild 
detachment of cultivated 
mammalian cells 
Okano era/(1995) 
Smart chromatographic 
matrices that respond to 
external stimuli 
Mattiasson et al. (1996), Stiborova et al. 
(2002), Nath and Chilkoti, (2002) 
Chemical valve with controlled 
porosity of the systems 
Galaev and Mattiasson (2001), Nonaka 
era/(1997) 
Controlled delivery 
therapeutics 
of Okano et al (1994), Ito et al (1997) 
Bioanalytical applications 
Biomedical engineering 
Applications to environmental 
problems 
Kanzama et al (1996), dos Santos et al 
(2004), Zhang et al (2005), Alexander 
era/(2006) 
Yamato era/(2002), Holmes (2002) 
Gray and Bergbreiter (1997) 
Reversibly soluble biocatalysts 
Study of protein folding 
Autonomous flow control in 
microfluidics 
Park and Hoffman (1993), Roy er al 
(2003) 
Kuboi era/ (2000), Chen etal (2003) 
Mitchell (2001), Siatoh etal (2002) 
nucleotides and DNA, plasmids, simple lipids, phospholipids and a wide spectrum 
of recognition ligands and synthetic drug molecules. Among these, the conjugates 
that are attractive for biotechnological applications include polymer- protein 
conjugates (Hoffman, 1998; 2000; Roy et al, 2003) and polymer-drug conjugates 
(Fuertges et al, 1990; Maeda, 1991; 1992; Kikuchi and Okano, 2002; Murthy et al., 
2003). 
1.2.1 Types of smart polymers 
Smart polymers are categorized into various groups on the basis of external stimuli 
like pH, temperature, magnetic field or other parameters to which they respond 
(Table 2). The polymers generally used in the field of biotechnology and medicine, 
are from pH-sensitive and temperature sensitive groups. Apart from these two 
types, other types of polymers have also shown to be of significance for various 
applications. A biocatalyst preparation sensitive to magnetic fields has been 
produced by immobilizing invertase and y-Fe203 in a pNIPAm gel. The heat 
generated by the exposure of y-Fe203 to a magnetic field causes the gel to collapse 
converting the polymer to insoluble form (Takahashi et al., 1997). Photo 
responsive enzyme switches have shown potential in the development of 
diagnostic assays, sequential bioprocessing, etc (Shimboji et al., 2002; Sharma and 
Gupta, 2002). Ito et al (1999) have conjugated the protease subtilisin to 
photosensitive polymer, poly(metacrylate-methcrylic acid-spiropyran containing 
methacrylate) and found no change in its photosensitive behaviour after 
conjugation. The on-off cycle could be carried out repeatedly in a reversible 
fashion. 
1.2.1.1 pH-sensitive polymers 
pH-sensitive polymers are basically poly electrolytes which bear weakly acidic or 
basic groups that can readily donate or accept protons on a slight change 
in environmental pH. Typical examples of pH-sensitive polymers with anionic 
hUmduciion 
Table 2 Stimvili responsive smart polymeric materials 
Stimulus Stimulus responsive polymeric materials 
pH 
+2 Ca 
Organic solvent 
Temperature 
Magnetic field 
Ru^"' Ru^" 
Temperature(sol-gel 
Electric potential 
1 R radiation 
U V radiation 
Dendrimers 
Poly (L-Iysine) ester 
Poly (hydroxyproline) 
Poly (L-lysine)-g-poly (histidine) 
Poly (propylacrylic acid) 
Poly (ethacrylic acid) 
EudragitS-100 
EudragitL-100 
Chitosan 
alginate 
chitosan 
EudragitS-100 
PNIPAm 
PNlPAm hydrogels containing ferromagnetic 
material PNlPAm-co-acrylamide 
PNIPAm hydrogels containing Tris (2,2-
bipyridyl) ruthenium (II) 
transition) Poloxamers 
Chitosan- glycerol phosphate-water prolastin 
Hybrid hydrogels of polymers and protein 
domains 
Poly thiophen gel 
Poly (N-vinyl carbazole) composite 
Poly acrylamide crosslinked with 4-
(methacryloyl amino) azobenzene 
Poly acrylamide-triphenyl methane leuco 
derivatives 
Iniroduciinn 
Dual-stimuli-sensitive 
polymers 
Ca2+ and PEG 
Ca2+ and temperature 
Ca2+ and acetonitrile 
32°C and 36°C 
PH and temperature 
Light and temperature 
Carboxymethyl cellulose 
EudragitS-100 
EudragitS-100 
Hydrogels of oligo NIP Am and oligo (N-vinyl 
caprolactum) 
Poly (N-aciyloyl-N-propyl piperazine) 
Poly (vinyl alcohol)-graft-poly-acrylamide-
triphenyl methane leucocyanide derivatives 
(Ref: Roy and Gupta, 2003) 
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groups are poly(carboxylic acids) as poly( aery lie acid) or poly (methacry lie acid). 
Another kind of polyacidic polymers are the polysulfonamides (derivatives of p-
aminobenzenesulfonamide). A few examples of cationic polyelectrolytes are 
poly(A';A^-diakyl aminoethyl methacry lates), poly (lysine), poly(ethylenimine) and 
chitosan. Complete ionization of the groups is difficult due to electrostatic effects 
exerted by adjacent ionized groups so the apparent dissociation constants are 
different from that of the corresponding monoacid or monobase. pH, ionic 
strength or counter ions modify electrostatic repulsion, inducing transition 
between tightly coiled and expanded state. The transition from collapsed state to 
expanded state has been explained by changes in the osmotic pressure exerted by 
the mobile counter ions neutralizing the network charges (Gil and Hudson, 2004; 
Aguilar, 2007). The pH-induced precipitation of smart polymers is usually very 
sharp and requires change in pH of not more than 0.2-0.3 units (Galaev and 
Mattiasson, 2001). The transition at a desired pH range covdd be attained by either 
chosing the ionizable moiety with a pK of desired pH or by incorporating 
hydrophobic moieties in the polymer network and controlling their nature, 
amount and distribution. The behaviour of the polymers is influenced by nature of 
the ionizable groups, polymer composition, hydrophobicity and also the 
crosslinking density. These polymers have been largely used in the controlled 
release of several compounds affected by the permeability which is in turn 
controlled by the crosslinking density of the polymer. pH-sensitive polymers are 
being studied for several biomedical applications, mainly for drug delivery 
(Chourasia and Jain, 2003; 2004; Liu et al, 2004; Sauer et al, 2001) and gene 
delivery (Lin et al, 2000; Godbey and Mikos, 2001) as well as in some glucose 
sensors (Podual etaJ., 2000). 
1.2.1.2 Thermosensitive polymers 
This is the most widely studied class of external stimuli responsive polymers. The 
reversible solubility of thermosensitive polymers is caused by the changes in the 
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hydrophilic-hydrophobic balance of the uncharged polymer, induced by 
temperature. The polymers remain soluble in water due to hydrogen bonding with 
water molecules and the efficiency of hydrogen bonding rapidly decreases with 
increase in the temperature. When the hydrogen bonding efficiency becomes 
insufficient for the solubility, phase separation occurs (Galaev and Mattiasson, 
2001). This process is readily reversible and can be applied in a pulsatile manner 
making the polymer an on-off system depending upon the stimulus (temperature) 
applied or removed. Those systems exhibiting one phase above certain 
temperature and phase separation below possess an upper critical solution 
temperature (UCST). On the other hand, polymer solutions that appear as 
monophasic below a specific temperature and biphasic above it, generally exhibit 
the so-called lower critical solution temperature (LCST) (Aguilar et al. 2007). Such 
polymers have a large number of actual and potential applications. 
The LCST of the polymers can be modulated by incorporating hydrophilic 
or hydrophobic moieties in them (Schild, 1992). Hydrophillic monomers tend to 
increase the LCST while hydrophobic monomers decrease the LCST of the 
polymer. For example, the LCST of the homopolymer of N-isopropylacrylamide 
(NIPAm) is 32°C but when NlPAm is copolymerized with 18% hydrophilic 
monomer, acrylamide, the LCST increases upto 45°C. The LCST decreases on the 
other hand upto 10°C on copolymerization of NIPAm with 40% of hydrophobic 
N-ter-butylacrylamide monomer (N-tBAAm) (Hoffman et al, 2000). Addition of 
salts tend to shift the LCST of the polymer to a lower temperature by promoting 
the hydrophobic interactions and the addition of organic solvents and detergents 
increase the LCST as they disrupt hydrophobic interactions (Galaev and 
Mattiasson, 2000). There is a range of thermosensitive polymers with transition 
temperature varying between 4°C to 100°C, but the two main groups of 
thermosensitive polymers, which are widely used as their LCST is near the human 
body temperature, are poly (N-aiky] substituted acryiamides) liks. pMPAm and 
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poly (N-vinylalkylamides) like poly (N-vinylisobutyramide) and poly (N-vinyl 
caprolactam). 
Thermosensitive polymers are currently being investigated for various 
biotechnological and medical applications like controlled drug delivery (Okano et 
al., 1990; Yoshida et al, 1994) and tissue engineering (Nath and Chilkoti, 2002). 
Considerable work has been done on thermosensitive smart polymer-biomolecule 
systems with potential applications in affinity separations, biosensors, diagnostics, 
enzyme immobilization, enzyme processes targeted drug delivery, etc (Bronsted 
and Kopecek, 1992; Osada and Gong, 1993; Malmstadt, 2003; 2004; Hoffman, 
2000; Hoffman et al, 2002; Hoffinan and Stayton, 2004; Park and Hoffman, 1993; 
Ding et al, 1996; Suzuki and Hiraza, 1995; Okano, 1993). 'Pluronics' and 
Tetronics' are commercially available thermoresponsive gels and some of them 
have been approved by the FDA and EPA for applications as food additives, 
pharmaceutical ingredients and agricultural products, as drug delivery carriers and 
as injectable systems for tissue engineering processes (Qiu and Park, 2001; Aguilar 
et al. 2007). These are block or graft copolymers of poly (ethylene oxide)-b-poly 
(propylene oxide)-b-poly (ethylene oxide) (PEO-PPO-PEO) giving sol-gel kind of 
thermal transitions, consist in micellization or micelle aggregation (Jeong and 
Gutowska, 2002; Kohori etal, 2002; Neradovic et al, 2001). 
1.2.1.3 Dual stimuli responsive polymers 
It is also possible to obtain polymers which are sensitive to two different stimuli 
(dual stimuli-sensitive polymers), prepared by the copolymerization of two types 
of monomers that respond to two kinds of stimuli (Bulmus et al, 2000; Ju et al, 
2002; Lee et al, 2004; Yoshida, 2003; Leung et al, 2005; Rodriguez et al, 2005). 
For example, by the combination of ionizable and hydrophobic functional groups, 
polymeric structures sensitive to both pH and temperature could be prepared 
(Aguilar et al, 2007). Copolymers of NIP Am and acrylamide derivatives bearing 
carboxylic groups show both temperature and pH sensitivity (Kuckling et al. 
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2000; Gan et al, 2000). A new method has also been developed to prepare smart 
copolymer microgels that consist of well defined temperature sensitive cores and 
pH sensitive shells and these are excellent candidates for biotechnology and 
biomedical applications where small changes in pH or temperature are of great 
consequence (Khan, 2007). 
1.3 Enzyme immobilization on smart polymers 
Enzyme immobilization on smart polymers provides the dual advantage of 
homogenous catalysis of soluble enzyme along with the reusability of the 
immobilized preparation. Homogenous catalysis reduces mass transfer constraints 
associated with insoluble, poorly soluble or macromolecular substrates (Arastaram 
et al, 2000). In packed bed reactors, poor solubility of the substrate causes 
clogging of the bed and hampering further catalysis. Apart from addressing the 
substrate solubility problems, the polymer immobilized enzymes also show 
enhanced stability and could be recovered any time from the reaction mixture just 
by a slight shift in temperature or pH (Chen and Chang, 1994; Matsukata et al, 
1996). To separate the enzyme from the product, recover the product and recycle 
the enzyme, phase separation of a soluble polymer-enzyme conjugate by causing 
the polymer to precipitate is a more convenient way than dialysis, membrane 
ultrafiltration or colimin chromatographic separation. The product can be 
recovered from the supernatant and the enzyme conjugate redissolved and 
recycled for ftirther reaction with fresh substrate (Chen and Hsu, 1997). Charles et 
al (1974) coupled lysozyme to alginic acid and van Leemputten and Horisberger 
(1976) immobilized trypsin on acrolein-acrylic acid copolymer, were among the 
first to work on this concept but there was remarkable loss in enzyme activities of 
the immobilized preparations due to which there was little progress on this aspect 
for some years. The pioneering work of immobilizing p-galactosidase in 
temperature-sensitive hydrogel beads was carried out by Park and Hoffman 
(1988). Since then, a lot of efforts have been put in by different workers, to 
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improve the smart polymer immobilized enzyme systems. A wide range of smart 
polymers, have been used for the development of reversibly soluble biocatalysts 
whose solubility is controlled by pH (Fuujimura et al, 1987; Taniguchi et al, 1989, 
1992) or temperature (Park and Hoffman, 1993; Ding et al, 1996). Among such 
polymers thermosensitive polymers have received remarkable attention due to the 
convenience of altering the solubility simply by change in the temperature and 
without the need for adding components from outside. However, the selection of 
the smart polymer must be made carefully because the characterstics of each 
enzyme are likely to be different and must be considered. 
1.3.1 Methods of enzyme immobilization on smart polymers 
Enzyme immobilization on smart polymers could be achieved by adsorption 
or chemical conjugation. Though adsorption is a mild process and does not involve 
harsh and toxic chemicals, enzymes immobilized by adsorption are usually not 
superior in terms of stability and reusability (Cong etal, 1995). Covalent coupling 
has shown better promise for immobilization of enzymes on smart polymers. The 
strategy adopted for the preparation of a highly efficient stimulus-responsive 
polymer-enzyme conjugate involves selection of one monomer with stimuli-
responsive properties and one monomer with a suitable functional group for the 
subsequent coupling reaction with the enzyme followed by their polymerization 
and coupling of the enzyme (Hoshino et al, 1997). Thermosensitive polymers 
unlike pH sensitive polymers do not generally have inherent reactive groups for 
ligand coupling. Thus, comonomers with reactive groups are added. Usually N-
acroylhydroxysuccinimide (Liu et al, 1995) or glycidyl methacrylate (Mori et al, 
1994) are the active comonomers used in copolymerization with NIP Am and allow 
its coupling to amino groups of the ligand (Fig. 4). Another strategy which is often 
used is to incorporate polymerizable double bond into the ligand like acroyl group 
and copolymerize the modified ligand with NIPAm (Maeda etal, 1993; Zhu etal, 
1998). 
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Figure 4 Schematic representation of the chemistry involved in some of the 
strategies involved in covalent coupling of enzyme to the polymer 
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Usually E-amino groups of lysine are the most reactive sites for polymer 
conjugation to proteins (Chen and Hoffman, 1994). Other possible sites include 
carboxyl groups of aspartic acid or glutamic acid, hydroxyl groups of serine or 
tyrosine, and sulfhydryl groups of cysteine residues. The most useful attachment 
site is determined by the reactive groups on the polymer and the reaction 
conditions especially the pH (Hoffman, 2000). The use of an initiator of 
polymerization (Winnik et al., 1992) or chain-transfer agent (Chen and Hoffman, 
1995) that has an active group results in a polymer modified only at the end of the 
macromolecule. 
Conjugation of polymer to the protein could be random or site specific. By 
random conjugation bioactivity of the protein is often compromised with, as these 
conjugations can interfere sterically within the accessibility of the active site of 
the enzyme. To control the ligand protein recognition process and the biological 
activity of the protein as well as avoid interference with the biological 
functioning, polymer conjugation can be localized to a specific site away from the 
active site (Chilkoti et al., 1994; Stayton et al., 1995; Shimboji, 2001; 2002; 
Pennadam et al., 2004). This could be done by inserting a reactive amino acid such 
as cysteine with its reactive -SH group at the selected region of protein (Chilkoti 
et al., 1994; Shimboji, 2001; Schiili and Maria, 2003) or by adding a poly-lysine tag 
(Allard, 2001) or an engineered lysine group (Hoffman, 2000) at a selected site by 
protein engineering (Bulmus et al, 2000). This strategy is however applicable only 
to those proteins whose complete amino acid sequence is known. Specific groups 
that help orient the enzyme can be introduced chemically or genetically in the 
enzyme or are present as nature's default (Gupta et al, 2006). 
Other strategies have also been employed for site-specific conjugation. 
Biotin-streptavidin interaction for preparing polymer bioconjugates has been 
preferred (Shimboji et al, 2001; Hoffman et al, 2000). Likewise other bioaffinity 
based interactions could also be exploited for site-specific conjugation of protein 
(Fong et al, 1999). Polymers that have sugar ligands (Lee and Park, 1997) or 
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boronate polyols (Kokufuta and Matsukawa, 1995) have also been used for enzyme 
immobilization. 
1.3.2 Properties of enzymes coupled to the smart polymer 
Several enzymes including trypsin (Matsukata et al, 1996; Lee and Park, 1998; 
Ding et al., 1998), lipase (Matsukata et al, 1994), cellulase (Taniguchi et al., 1992) 
and (3-D-glucosidase (Park and Hoffman, 1990; Chen and Hoffman, 1994; 1993) 
have been conjugated to pNIPAm. The preparations are easily recovered from 
reaction mixture and majority of these exhibit improved stability against various 
forms of inactivation. In the case of homogenous catalysis, the diffusional 
limitations are reduced but partition effects may be enhanced (Roy and Gupta, 
2005). Ding et al. (1996) observed the esterase activity of the trypsin-pNIPAm 
conjugate to be higher than the native trypsin and increased with an increase in 
the O/E ratio (the average nvunber of oligomer chains conjugated to one trypsin 
molecule). They found a decrease in the Km of trypsin towards BAPNA and the 
activity of the enzyme was maintained after a number of temperature cycles, Lee 
and Park (1998) observed a decrease in autolysis and increased thermal stability in 
the immobilized preparation of trypsin that was prepared by the conjugation of 
trypsin to the copolymer of NIP Am and glucoxylethyl methacrylate. Raghava et 
al. (2006) prepared four bioconjugates with different quantities of trypsin coupled 
to pNlPAm containing 5%, 6-aminohexanoic acid and found increased enzyme 
activity over the native enzyme. The KnvVmax ratio also showed significant 
increase from that of the native enzyme. The conjugates were also stable to 
autolysis at 50°C. Roy et al (2003) have reused a reversibly soluble pectinase 
linked to K carrageenan for six times without any loss of polygalactouranase 
activity. Ivanov et al., (2003) conjugated penicillin acylase to the copolymer of 
NIPAm containing active ester groups and separated the conjugate from the 
unbound polymer through CL Sepharose 4B. Km of the preparation for 5-nitro 3-
phenylacetaamidobenzoic acid was slightly higher than that of the free enzyme 
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but Vmax suggested high catalytic activity of the conjugated enzyme, p 
galactosidase was immobilized on crosslinked p(NIPAm-co-acrylamide) which 
exhibited a LCST of 37°C and the entrapped enzyme was more stable when the 
hydrogel was in the collapsed state (Park, 1993). No difference was however 
observed in the lytic activity of lysozyme-pNIPAm conjugate as compared to the 
native enzyme (Heredia etal., 2005). 
Matsukata et al., (1996) prepared trypsin conjugate of pNIPAm with single 
point or multi point attachments to the polymer. Preparation with single point 
attachment to the polymer was more stable but the LCST was higher for the 
preparation with multipoint attachments as compared to unconjugated pNIPAm. 
The high LCST may result from the movement restriction of the polymer by the 
multi point attachment of trypsin. Chen and Hoffman (1994) also found in an 
earlier study that trypsin conjugated to the polymer by single end attachment to 
be thermally stable than the free enzyme. The LCST of the polymer could be 
altered according to the need of the experiment (Uludag et al., 2001). For the 
immobilization of thermolysin, which has a high optimum temperature, Hoshino 
et al., (1997) used a copolymer of NIPAm with GMA and methacrylic acid. This 
co-polymer showed a transition temperature greater than that of either the homo 
polymers of NIPAm or GMA. It was hypothesized that increasing the reaction 
temperature will cause change in the microenvironment of the active site and 
collapse of the polymer will affect the enzyme activity, but no such effect was 
observed in most of the cases. This could be explained by the increased 
partitioning of the substrate near the active site by the collapsed hydrophobic 
chains above LCST and hence not leading to any discontinviity in temperature-
activity profiles above LCST (Chen and Hsu, 1997). In some cases however a 
marked decrease in enzyme activity was observed above the LCST of the polymer. 
Valuev et al. (1994) coupled trypsin with pNIPAm and reported temperature 
dependence of the enzyme activity changed a little from the native enzyme while 
they experienced a dramatic drop in activity above LCST of peroxidase coupled to 
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the same polymer. It was then concluded that some enzymes are sensitive to the 
hydrophobic environment while others are not. Preparations in which enzyme 
activity drops above LCST, work as polymer-enzyme switches because the enzyme 
activity could be regulated by just a trigger and help in the development of 
diagnostic assays, sequential bioprocessing, targeted drug delivery systems, etc 
(Shiroya et al., 1994; Eremeev and Kazanskaia, 1998; Shimboji et al, 2002; 2003; 
Pennadam etal, 2004; lonov etal, 2006). 
1.3.3 Applications of smart polymer coupled enzymes 
Polymer-enzyme conjugates retain their enzymatic activity and can be readily 
separated from reaction mixtures as a precipitate by simple temperature or other 
changes after reaction completes and reused repeatedly, making them attractive 
for use in novel bioreactor systems. Considerable work on the usefulness of smart 
polymer conjugated enzymes is available in the hydrolysis of starch (Hoshino et 
al, 1989; 1992; Cong et al, 1995), cellulose (Taniguchii et al, 1989), protein 
(Fujimura et al, 1987) and in organic synthesis (Li, 2003). The smart polymer 
conjugates have also other actual and potential applications. Dominguez et al. 
(1988) conjugated p-galactosidase to alginate, which is a nontoxic polymer used in 
food industry and accomplished efficient hydrolysis of milk lactose mainly for use 
by lactose intolerant people. A different approach was adopted by Okumura et al 
(1984), who used a-casein polymerized through the formation of intermolecular E-
(y-glutamyl) lysine crosslinked by transglutaminase as a smart polymer which 
could be precipitated by Ca^ ^ and solubilized by EDTA, for conjugation with some 
enzymes (phosphoglysromutase, enolase, peroxidase and pyruvate kinase) and 
found that the enzymes catalysed the reactions without serious diffusional 
limitations. Pectin hydrolyzing enzymes used to maximize juice yields from fruits 
(Dinnella et al., 1995) and xylanase (Sardar etal, 2000; Roy etal, 2004) have been 
immobilized on pH sensitive polymers for use in food and paper industries, 
respectively. 
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Polymer bound catalysts have also been shown to have potential in 
combatting environmental problems by waste minimization and catalyst recovery 
(Gray and Bergbreiter, 1997). Enzymes immobilized on smart polymers are 
preferably used in the construction of biosensors as they can visibly and readily 
respond to environmental changes (Constantine et al, 2003). Brahim et al. (2002) 
entrapped glucose oxidase along with insulin in a pH sensitive polymer 
membrane, which was glucose-responsive through the formation of gluconic acid 
and demonstrated chemically stimulated controlled release of insulin. The system 
has potential to function as a chemically-synthesized artificial pancreas. Enzymes 
conjugated to pNIPAm are also being used for antibiotic synthesis (Ivanov et al., 
2003). Phase transition of the polymer works as a regulator of the enzyme activity 
of proteinases (Eremeev and Kazanskia, 1998; Shiroya et al., 1994), multisubunit, 
multifunctional hybrid type I DNA restriction-modification enzymes (Pennadem 
et al., 2004) and Upase (Matsukata et al., 1994) bound to some smart polymers. 
Shimboji et al, (2002) coupled N55C, endoglucanasel2A mutant obtained by site 
directed mutagenesis to a photo-sensitive polymer near the active site so the 
system worked as a photo-switch. These regulated systems were helpful in the 
development of diagnostic assays, sequential bioprocessing and lab assays in both 
traditional and microfluidic formats. 
1.4 Glycoenzymes 
Glycosylation is the most common post translational modification undergone by 
newly synthesized proteins. All the integral membrane proteins of higher 
organisms and many secretory proteins are glycosylated. The natvure of 
glycosylation of an enzyme is dependent on the cell or tissue in which it is 
produced, so the polypeptide encodes information that directs its own pattern of 
glycosylation. It is also diverse with respect to the kind of amino acids that are 
modified or the nature of the oligosaccharide structure attached (Lis and Sharon, 
1993). 
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The exact role of carbohydrate moiety in the function of several 
glycoproteins is still debatable. Potential functions of the glycosyl moieties include 
stabilization of tertiary structure (Paulson, 1989), protection from proteolytic 
degradation (Olden, 1985; Paulson, 1989), transport and organization of 
macromolecules (Eylar, 1965), organization of macromolecules to oligomeric 
forms (Morgan et al., 1970), direction of the folding of the nascent polypeptide 
chain (Frederick et al, 1978) and act as sorting signal for directing proteins to 
specific organelles and tissues (Paulson, 1989). In case of some enzymes the role of 
glycosyl residues on the activity, stability against denaturation and proteolysis 
appears to have been established (Hy and Hustee, 1989; Goochee et al., 1992; Lis 
and Sharon, 1993). 
Removal of carbohydrate moiety from a variety of glycoenzymes such as 
deoxyribonuclease, ribonuclease B, invertase, carboxypeptidase X, penicillinase 
and nuclease Pi has no apparent effect on either the enzyme activity or on CD 
spectra of these enzymes (Frederick et al, 1978). However, in some cases 
carbohydrate removal causes decreased enzyme activity, shift in pH optimum and 
decreased thermal stability (Khan et al., 2003). 
1.4.1 Bromelain 
Bromelain is the collective name for closely related proteolytic enzymes found in 
the plant family Bromeliaceae, of which pineapple. Ananas comosus, is the best 
known. Stem bromelain (EC 3.4.22.32) is the major proteolytic cysteinyl protease 
in pineapple stem. Stem bromelain has been known under a variety of synonyms, 
namely, pineapple stem bromelain, ananase, bromelase, pinase, extranase, 
traumanase, pineapple enzyme and juice bromelain. The other types of bromelain 
is the major proteolytic component of the fruit of pineapple known as fruit 
bromelain (EC 3.4.22.33). Two isoenzymes of bromelain from stem were separated 
by isoelectric focusing, of which one has a pi of 9.55 and the second was a minor 
acidic protein with pi 4.7. The basic glycoprotein with N-terminal Val or Ala is 
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designated stem bromelain, while the acidic protein with N-terminal amino acid 
Ala is designated fruit bromelain. 
Stem bromelain has a single poltpeptide chain (Fig. 5) with 212 amino acid 
residues and a molecular mass of 22,828 Dal tons (Ritonja et al, 1989). Stem 
bromelain contains a single covalently attached oligosaccharide moiety per 
molecule (Murachi et al, 1967; Scocca and Lee, 1969) linked to the polypeptide at 
the amino acid sequence- Asn-Asn"^-Glu-Ser- (Yasuda et al, 1970; Goto et al, 
1976). The terminal sugar chain is attached at Asp-117. The total molecular mass 
Figure 5 A ribbon diagram of the 3-dimensional structure of bromelain 
(Source: Protein Data Bank) 
of the glycosylated form of bromelain with an oligo-saccharide of 1,000 Daltons 
(Murachi, 1970) is thus 23,800 Daltons (Table 3). The oligosaccharide chain 
contains fucose, mannose, xylose and N- acetylglucosamines (NAG) (Scocca and 
Lee, 1969; Yasuda et al, 1970; Harrach et al, 1995) (Fig.6). The composition of 
carbohydrate unit, as expressed in nearest analogues, is 3 moles of mannose, 1 
mole of fucose, 1 mole of xylose and 2 moles of NAG per mole of enzyme. The 
structure of stem bromelain oligosaccharide shows interesting features: fucose is 
attached to N-acetylglucosamine by a 1-3 bond whUe, the mode of hnkage 
normally is 1-6, and the oligosaccharides contain a xylose residue linked to a p-
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Table 3 Physiochemical properties of stem bromelain. 
Molecular mass 23,800 
(Dalton) 
Nvmiber of residues 212 
Vanhoof and Cooreman (1997) 
Vanhoof and Cooreman (1997) 
E'^ icm at 280nm 20.1 Murachi etal. (1965) 
Isoelectric pH (pi) 9.55 Vanhoof and Cooreman (1997) 
Secondary 
structure: 
a-helbc 
Antiparallel p-sheet 
Parallel p-sheet 
Turns 
Others 
Reyna era/(1994) 
0.23±0.007 
0.18±0.010 
0.05+0.008 
0.18±0.004 
0.35±0.027 
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CH2OH 
o^!L7^" 0^117^" 
a-Man(l -^6)-a-IVlan-{l -»-6) 
P-Man-<1 -*• 4 ) - P - G l c N A c - ( I ^ 4 ) -3 -Glc^Ac- ( l^N>A^n~ 
P-Xyl-(l-^2) a-Fuc-(l -»• 3) 
Figure 6 Structure of the lone oligosaccharide chain of stem bromelain 
(Ref: Ishikara etal., 1979) 
mannosyl residue by p 1-2 linkage. Occurrence of xylose is very rare in Asn-linked 
sugar chains, and it was in fact the first instance in which the mode of linkage of a 
xylosyl residue was established (Ishihara et aJ, 1979). Removal of the carbohydrate 
residues by sodium periodate did not cause much alteration in enzymatic activity 
towards casein as well as synthetic substrates (Yasuda et aJ, 1971). 
Stem bromelain contains a single free sulfhydryl group and three 
intrapeptide disulfide bonds (Ritonja et al, 1989; Rasheedi, 2001). The enzyme is 
also unique in having a single histidine residue at position 158 (Fig. 7), which 
appears to be located at a distance of SA from the active site (Hussain and Lowe, 
1970). The authors further suggested that due to proximity to active site, the thiol 
and imidazole group act in concert in the hydrolysis of substrates, as in the case 
with papain. However Murachi et al. (1975) have indicated that the histidine may 
not be directly involved in the catalysis. 
Stem bromelain is a member of the cysteine proteinases that depends on 
the thiol group of cysteine residue for its enzymatic activity (Blow and Steitz, 
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1970). The active site cysteine of stem bromelain is located at position 26 (Fig. 7). 
Stem bromelain has broad substrate specificity, close to that of ficin (EC 3.4.22.3), 
and hydrolyzes a great variety of synthetic and natural substrates. It preferentially 
cleaves peptide bonds in which a hydrophobic group occupies P2 position. The 
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AVPQSIDWRD YGAVTSVKNQ N P | G A | W A F A A I A T V E S I Y K I K K G I L | P L S EQQVLDCAKG 
1' 2 ' 
7 0 8 0 90 100 1 1 ^ 120 
YG|KGGWEFR AFEFIISNKG VASGAIYPYK AAKGT|KTDG VPNSAYITGY ARVPRN|ESS 
1' 2' 
130 140 150 160 170 180 
MMYAVSKQPI TVAVDANANF QYYKSGVFNG P|GTSLNHAV TAIGYGQDSI IYPKKWGAKW 
3' 
190 200 210 
GEAGYIRMAR DVSSSSGI|G IAIDPLYPTL EE 
3' 
Figure 7 Amino acid sequence of stem bromelain 
(Ref: Vanhoof and Coorman, 1997) 
sequences containing negatively charged residues in position P3' and P4' are not 
cleaved (Keil, 1992). According to Schechter and Berger (1967), the amino acid 
residues in a substrate undergoing cleavage are designated as PI, P2, P3, etc, in the 
N-terminal direction and PI', P2', P3', etc. in the C-terminal direction from the 
cleaved bond. The most used synthetic substrates are N-benzoyl-L-Arg-ethyl ester 
(BAEE), N-benzoyl-L-Arg-amide (BAA), N-benzoyloxycarbonyl-Lys-p-
nitrophenyl ester, N-benzoyl-L-Arg-p-nitroanilide (L-BAPA), tosyl-L-Arg methyl 
ester (TAME), N-benzoyl-L-Arg-methyl ester (BAME). Casein and hemoglobin 
are the most widely used natural substrates. Other natural substrate studied 
include insuUn, A and B chains, glucagons, angiotensin, bradykinin, collagen, 
elastin, ovalbumin and somatotrophin. 
Bromelain preparations are widely used in medicine, as laboratory reagents 
and to a lesser extent in industries (Lyons, 1982). In medicine, it is vised 
successfully to treat a number of disorders, including heart diseases, arthritis, 
upper respiratory tract infections, and Peyronie's disease. Bromelain has been used 
as an anti-inflammatory agent and to heal oedema from the time it became 
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available as a drug (Tausig et al, 1975; Dupaigne, 1975; Cooreman et al, 1976). 
Bromelain has found application in a wide variety of inflammatory conditions 
(Tausig et al., 1975; Uhlig, 1981; Hotz et al, 1989). Bromelain possesses anti-
neoplastic activity (Tausig et al., 1985; Batkin et al., 1988; Maurer et al., 1988) that 
is attributed to its fibrinolytic and platelet aggregation inhibitory activity (Tausig 
and Batkin, 1988). It also stimulates the production of alpha tumor necrosis factor 
(Desser and Rehberger, 1990). Bromelain could be effective for burn debridement 
(Rowan et al, 1990) and used as vaccine adjuvant (Engwerda et al, 2001; 
Engwerda et al, 2001). Bromelain is a novel inhibitor ofT cell signal transduction 
and suggests a novel role for extracellular proteases as inhibitors of intracellular 
signal transduction pathways (Mynott et al, 1999). It has been suggested to be 
useful in the treatment of osteoarthritis (Brien et al, 2004). Bromelain has been 
shown to improve the decrease in defecation in postoperative rats, and it is 
suggested that bromelain may benefit patients with postoperative ileus (Wen et al, 
2005). It has been shown that 40% of the radioactively tagged bromelain is 
absorbed intact in blood and lymph and there it exerts its physiological actions 
(Seifert et al, 1979). Apart from medical applications bromelain is also used as a 
meat tenderizer. 
The structure of bromelain facilitates the favorable uniform orientation of 
the enzyme on the support. Gupta et al (2006) immobilized bromelain on IDA-
Sepharose by affinity binding through the only histidine residue present on the 
enzyme. Hence the enzyme was uniformly oriented without the need for any kind 
of modification. The preparation was stable and Km was less than the native and 
crosslinked enzyme. The other method for the uniformly oriented immobilization 
of bromelain, which has been used, is via the lone oligosaccharide chain of the 
enzyme by affinity binding (Gupta and Saleemuddin, 2006) or by covalent 
coupling (Khatoon et al, 2007). The preparation uniformly oriented in this way, 
exhibited broader pH activity profile, greater thermal stability and lower Km than 
the randomly oriented preparation. 
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1.3.2 Beta-galactosidase 
P-galactogidase (EC 3.2.1.23) is a hydrolase that cleaves P-galactosides into 
monosaccharides. For example it hydrolyses P-l,4'-galactosidic linkage of lactose 
into glucose and galactose. Other substrates of this enzyme are ganglioside GMl, 
lactocylceramides, and various glycoproteins. P-galactosidase is an essential 
enzyme for human body and its deficiency causes galactosialidosis or Morquio's 
syndrome. It is an inducible enzyme in E.coli and when the cells are exposed to 
the substrate the rate of synthesis of this enzyme is increased to form product. It is 
produced by the activation of lac-operon, as the lac-Z gene. IPTG induces the 
activity of this enzyme by binding and inhibiting the action of lac repressor. 
P" galactosidase from E.coli is a tetramer of 464 kDa and each chain consists 
of 1,023 amino acids (Fowler et al., 1970). The orthorhombic form of the tetramer 
is shown in figure 8. Each chain has got five domains and the active site lies at one 
end of domain 3 and include some residues of domain 1 and 5 as well as domain 2 
of other unit (Jacobson et al., 1994; Mathews, B. 2005). p-galactosidase catalyzes 
the hydrolysis of disaccharide substrate via "shallow" and "deep" binding. An 
essential magnesium ion, identified at the active site in the monoclinic crystals, is 
also seen in the orthorhombic form. Additional putative magnesium binding sites 
are also seen. Beta- linkage of the substrate is cleaved by a terminal carboxyl group 
on the side chain of a glutamic acid (Juers et al, 2000; 2001). 
The enzyme P-galactosidase is a very important marker for the lac Z gene, 
which encodes p-galactosidase and is frequently used as a reporter gene in animals 
and yeast, p-galactosidase assay is frequently used in molecular biology, genetics 
and life-sciences. Because of its high specificity and stability, P-galactosidase is 
also conjugated to streptavidin, avidin or antibodies to be used as secondary 
detection reagents in ELISA applications (Kato et al, 1975). Several chromogenic 
substrates of P-galactosidase, being used are X-gal, red-beta-D-Gal, purple-beta-D-
Gal, etc for this purpose. This enzyme has been largely used in dairy industry in 
manufacturing lactose-free milk and in the synthesis of galacto-oligosaccharides as 
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the enzyme also exhibits transglycosylation activity apart from hydrosylation. 
Lactose-free milk is useful for the patients suffering from lactose intolerance due 
to the low activity of p-galactosidase (Karasova et al., 2002). 
Figure 8 A ribbon diagram of the orthorhombic form a molecule of p-
galactosidase from E. coli (Source: Protein Data Bank) 
Due to the importance of beta galactosidase in dairy and other industries, 
work on its immobilization was initiated quite early and efforts continue for the 
improvement, p-galactosidase from fungus C. inaequalis was modified by a 
chlortriazin dye active bright-orange KH and then adsorbed on anionites 
(Zolotova et al., 1976) and DEAE-Sephadex A-50 (Baeva et al, YTll). 
Immobilization of Pgalactosidase onto a magnetic support by covalent attachment 
to polyethyleneimine-glutaraldehyde-activated magnetite was performed and the 
preparation was superior to the free enzyme in terms of heat stability and 
hydrolytic efficiency (Dekker, 1989). p-D-galactosidase isolated from cloned E. 
coli immobilized on cellvdose beads via azo bonds showed very high relative 
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activity and thermostability (Kery et al, 1991). Brena et al. (1994) have 
immobilized it on metal-chelate-substituted gels, which very strongly bind to the 
enzyme. 
Park and Hoffman (1988; 1990) entrapped p-galactosidase in the copolymer 
of NIPAm and acrylic acid, which is thermosensitive polymer and applied it in 
both batch and packed bed reactors. The thermally induced "pumping" enhanced 
mass-transfer rates of substrate in and product out of the gel beads and hence 
increased the enzyme activity and overall productivity. A, novel packed-bed 
bioreactor, operating under isothermal and non-isothermal conditions, was 
constructed by Maio et al. (2004). The core of the apparatus consisted in a 
polypropylene ring filled with p-galactosidase immobilized on beads of polyacrylic 
acid, grafted with dimethylaminoethyl methacrylate. Haider and Husain, (2007) 
prepared complex of conA with p -galactosidase and entrapment of the complex 
inside calcium alginate beads made the preparation highly suitable for use in a 
reactor. Other workers have used different supports to immobilize the enzyme for 
industrial purposes (Hernaiz and Grout, 2000; Albyrak and Yang, 2002; Mateo et 
al, 2004; Neuhaus etal, 2006; Biro etal, 2007). A lactose biosensor was developed 
by immobilizing p-galactosidase and galactose oxidase in a polyvinyl membrane 
which was attached to the oxygen electrode of a dissolved oxygen analyzer for 
estimation of lactose in milk and food products (Sharma etal, 2007). 
1.3.3 Inveitase 
P-D fructofuranoside, p-D fructofuranoside fructo hydrolase (E.G.3.2.1.26) more 
commonly known as invertase, was first described in Baker's yeast by Berthelot in 
1860. It hydrolyses compounds with substituted p-D fructofuranosyl residues such 
as sucrose, raffinose and methyl p-D fructofuranoside. 
Yeast invertase exists in two distinct forms, the non-glycosylated internal 
form and the heavily glycosylated external enzyme (Gascon et al, 1968) which is 
predominant in Baker's yeast and occurs mainly in periplasmic space. The 
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molecular weight of external invertase is 270 KDa (Neuman and Lampen, 1967), 
consists of 60 KDa polypeptide subunits and rest of the mass is of carbohydrates 
(Trimble and Malay, 1977). The three dimensional structure of the protein subunit 
shows the bimodular phase, the N-terminal five bladed ^-propeller module which 
is a catalytic domain and a C-terminal ^-sandwich module of unknown function 
(Fig. 9). The carbohydrate moiety consists of high mannose oligosaccharide chains 
that are attached to the protein as 18-20 aspargine linked oligosaccharide units, or 
9-10 units/protein subunit. The carbohydrate moieties do not appear to be 
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Figure 9 A ribbon representation of the monomeric unit of 71 maritima 
invertase (Ref: Alberto et al., 2004) 
essential for the catalytic activity of invertase but they have a role in providing 
enhanced resistance of the polypeptide backbone to proteolysis (Brown et al., 
1979). The glycosyl residues also seem to enhance the renaturation efficiency of 
the enzyme and stabilize its activity under variety of conditions (Chu etal., 1978). 
Invertase is used in the industrial production of glucose-fructose syrup 
from sucrose. Fructose is far sweeter than sucrose so this reaction is of 
considerable economic significance especially for the beverage industries as no 
colovir or by-product is formed. 
31 
IfiUroduUion 
Due to the use of invertase in sugar industry, immobilization of the enzyme 
was undertaken quite early (Dickensheets et al, 1977; Laurinavichius and Kulis, 
1977). Invertase has been immobilized on various inorganic supports like silica gel 
(Samoshina et aL, 1980) and activated clay (Lopez-Santin et aJ., 1983) by covalent 
coupling and on tuff (Parascandola et aJ., 1987), magnetite (Kubal et aJ., 1989) and 
sepiolite (Kawase, et al, 1992) by adsorption. Covalent coupling usually causes loss 
in the enzyme activity due to the reaction of amino groups of the active site. 
Immobilization of invertase via carbohydrate moiety has shown to cause no 
inactivation of the enzyme (Monsen et al, 1984; Marek et al, 1984; Husain et al, 
1996; Prodanovic et al, 2001). Affinity bound invertase to the polyclonal 
antibodies against the invertase glycosyls on Sepharose 4B showed effective 
binding and improved thermal stability (Jafri and Saleemuddin, 1997). Prodanovic 
et al (2003) immobilized invertase by adsorbing the periodate oxidized enzyme on 
Sepiolite and found that the preparation retained a large fraction of enzyme 
activity and was very stable. Invertase coupled to the support via carbohydrate 
moiety was more stable and superior to that coupled via the protein part (Hsieh et 
al., 2000). Periodate activated invertase when coupled to carboxy-methyl-cellulose 
exhibited increase in thermostability, activation energy, pH stability and more 
resistant to urea denaturation than to the native (RamArez et al, 2002). Mihalache 
et al (2005) have immobilized invertase on magnetic nanoparticles and found 
enhancement in stability and activity after binding. Mahmoud (2007) has found a 
new economical way to immobilize invertase by using wood sawdust waste as 
carrier. 
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1.5 Objective of the present work 
Numerous studies have shown that smart polymers can be preferred supports for 
the immobihzation of enzymes with the combined benefits of homogenous 
catalysis and convenient recovery from the reaction mixture. Some studies are also 
available on the behaviour of enzymes coupled to smart polymers that indicate 
their remarkable potential for a variety of applications. Glycosylation is the most 
common post translational modification of proteins and enzymes and a large 
number of glycoenzymes are of clinical and industrial significance. Glycoenzymes 
offer the attractive possibility of immobilization via oligosaccharide chain, which 
in case of many enzymes has resulted in remarkable retention of the catalytic 
activity and improved stability against various forms of inactivation. The 
glycoenzyme also offers the possibility of some uniform orientation on matrices. 
Three glycoenzymes, invertase, p-galactosidase and bromelain were 
selected for this study. The enzymes were immobilized on NIPAm polymers using 
several strategies that included covalent coupling and bioaffinity based 
attachments. Attempts were also made to investigate the effects of molecular size 
of NIPAm polymers on the behaviour of the immobilized enzymes. An effort was 
also made to improve the activity and stability of the enzyme bound to pNIPAm 
by binding of antibody and immunoaffinity layering. The selective temperature 
dependent release of enzyme coupled to pNIPAm from the calcium alginate gels 
was also investigated. 
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2.1 Materials 
The chemicals used in the study were obtained from various sources as detailed below. 
Sigma Chemical Co., U.S.A. 
Acrylamide, 
Acrylic acid, 
2,2'-Azoisobutyronitrile, 
Bovine serum albumin, 
Concanavalin A, 
Coomassie brilliant blue R-250, 
Di-nitrosalycilic acid. 
Ethylene diamine, 
Glycidyl methacrylate, 
Sisco Research Lab.. India 
Ammonium per sulphate, 
Bromophenol blue, 
Casein, 
L-cysteine HCl, 
DEAE-cellulose, 
Formaldehyde, 
(3-galactosidase, 
Invertase, 
N-acrylosuccinimydyl ester, 
N-isopropyl acrylamide monomer, 
o-Nitrophenyl p D galactoside, 
N' N'-methylene bis-acrylamide, 
Sodium-carboxybenzoxy- L -lysine p-
nitrophenyl ester. 
Stem bromelain. 
Hydrogen peroxide, 
Sepharose 4B, 
Sodium tetra thionate. 
Sodium thio stilphate, 
Sucrose, 
TEMED. 
Qualigens Fine Chemicals. India 
Acetic acid, 
Acetonitrile, 
Ammonium sulphate. 
Calcium chloride, 
Diethyl ether, 
Di-hydrogen sodium phosphate, 
Di-sodiiun hydrogen phosphate. 
Ethylene diamine tetraacetic acid. 
Hydrochloric acid. 
Magnesium chloride. 
Manganese chloride, 
p-mercaptoethanol. 
Silver nitrate. 
Sodium acetate. 
Sodium bicarbonate. 
Sodium carbonate. 
Sodium chloride. 
Sodium hydroxide, 
Sodivun metaperiodate, 
Soditun potassium tartarate. 
Sodium lauryl sulphate. 
Sulphuric acid, 
Tetra hydrofuran, 
Tris (hydroxymethylaminoethane). 
Trichloroacetic acid, 
Tween-20. 
Genei Pvt. Ltd.. India 
Freund's complete adjuvant, 
Freund's incomplete adjuvant, 
E-Merck. India 
Ethylene glycol. 
Glycerol, 
Goat anti-rabbit immuno-globulin 
horse raddish peroxidase. 
Isopropanol, 
Methanol. 
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2.2 Methods 
2.2.1 Preparation of pNIPAm-enzyme conjugates 
2.2.1.1 Copolymerization of NIPAm and GMA 
The procedure described by Mori et al. (1994) was followed for the preparation of 
pNIPAm. 4.8 g of NIPAm and 0.2 g of GMA were copolymerized in 50 ml benzene 
by adding 1.2 g of AIBN as an initiator and the mixture was stirred at 60°C for 12 
hours. The copolymer, obtained as a precipitate was dissolved in tetrahydrofuran 
and recovered by adding diethyl ether. The purified polymer was dried at room 
temperature. It was then dissolved in cold distilled water and dialyzed against 
distilled water at 4°C, lyophilized and stored for further use. 
2.2.1.2 Coupling of invertase to pNIPAm 
Two hvmdred mg of pNIPAm was taken and incubated with 50,000 U of invertase 
in 0.2 M Tris-HCl buffer, pH 9.0 at 4°C for 12 hours. The temperature was 
increased to 40°C and the precipitated polymer was filtered through a Whatman 
filter paper. This precipitate was dissolved in cold buffer, again precipitated by 
increasing the temperature to 40°C and filtered. The procedure was repeated 
(thrice) till there remained no protein in the filtrate. 
For the preparation of affinity bound invertase, 200 mg of pNIPAm was 
first incubated with 10 mg of con A in 0.2 M Tris-HCl buffer, pH 9.0 at 4°C for 12 
hours. After incubation, the conjugate was precipitated and isolated by filtration as 
described above. After thorough washing, the polymer was mixed with 0.1 ml of 
98% (v/v) ethanolamine, incubated at 4°C for 12 hours and again thoroughly 
washed with the above buffer. The polymer-linked con A was activated by the 
method of Yariv et al. (1968). The conjugate was dissolved in 0.1 M sodium acetate 
buffer, pH 5.2 containing 1.0 mM each of CaCb, MgCb, MnCb and 0.15 M NaCl 
and stirred for 12 hours at 4°C. 50,000 U of invertase in 0.2 M sodium acetate 
buffer, pH 4.8 was added to the activated con A coupled pNIPAm and incubated 
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for 12 hours at 4°C. The preparation was precipitated by incubating at 40°C, 
filtered and thoroughly washed to remove unbound enzyme as described before. 
The amount of protein/enzyme immobilized, was calculated by subtracting the 
amount of protein/enzyme added to polymer from that remaining in the 
supernatant and washings. 
2.2.1.2.1 Separation of the invertase bound pNIPAm from the unbound pNIPAm 
Size exclusion chromatography on a Sepharose 4B (L7cmx75cm) coiumn 
equilibrated with 0.1 M phosphate buffer, pH 7.0 was used to separate the 
invertase bound pNlPAm from the unbound polymer at 25°C. The flow rate was 
maintained at 15 ml/hr and absorbance of the eluant was monitored at 226 nm. 
Enzyme activity was also measured in the eluted samples. Fractions number 14-24 
(Fig. 11) were pooled to obtain invertase bound pNIPAm. 
2.2.1.3 Immobilization of P galactosidase on pNIPAm 
When size exclvision chromatography of pNIPAm was performed on a Sepharose 
4B (1.7cmx75cm) column, fractions 18-26, 31-39 and 42-47 (Fig. 16) were pooled 
to obtain high (HMW), mediiun (MMW) and low molecular weight (LMW) 
polymers, respectively. Two hundred mg of HMW, MMW and LMW polymers 
were coupled with con A as described earlier (Sect. 2.2.1.2). Con A coupled 
polymer preparations were activated and incubated with 606 U of p-galactosidase 
in 0.2 M Tris-HCl buffer, pH 7.2 for 12 hours at 4°C. After incubation the polymer 
was precipitated, filtered and then washed thoroughly with the same buffer to 
remove xmbound enzyme. The HMW, MMW and LMW polymers were incubated 
with p galactosidase to obtain affinity bound preparations using the procedure 
described earlier (Sect. 2.2.1.2). 
2.2.1.4 Coupling of bromelain to pNIPAm via amino-groups 
The procedure of Zhu ef a7(1998) was followed. Thirty four mg of bromelain was 
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dissolved in 1.0 ml of 0.15 M NaCl containing 60 mM sodium phospahate buffer 
pH 8.0 (PBS) and vibrated with 3 ml of 0.1% NAS in a water bath at 37°C for 60 
minutes in order to form the monomer-enzyme conjugate. This preparation was 
dialyzed thrice against PBS at 4°C, concentrated to 2.0 ml by lyophillization and 
poured into 8.0 ml of 60 mM phosphate buffer pH 7.4. To this solution was added 
300 mg of NIPAm and the polymerization was carried out by mixing with 200 |il 
of 1% APS and 10 ^1 of TEMED at 25°C for 2 hrs. The solution was incubated at 
37°C for 30 min, centrifuged for 10 min at 10,000 rpm to separate the insoluble 
pNIPAm-bromelain conjugate. The supernatant was analyzed for protein in order 
to calculate the amount of enzyme coupled to the polymer. The precipitate was 
again dissolved in 10 ml of phosphate buffer pH 7.4 at 4°C and reprecipitated by 
incubation at 37°C. The procedure was repeated thrice in order to remove any 
adsorbed but uncoupled enzyme. Finally the pNIPAm-bromelain conjugate was 
dissolved in 5.0 ml of 0.2 M phosphate buffer pH 7.0. 
2.2.1.5 Coupling of bromelain to the copolymer of pNIPAm-Ac/AAc 
Bromelain-NAS conjugate prepared as described above was added to 300 mg of 
NIPAm containing 2, 4 or 6 mol percent of acrylamide (Ac) or acrylic acid (AAc), 
separately. Polymerization and isolation of the conjugate was carried out as 
described above. 
2.2.1.6 Coupling of bromelain to pNIPAm via the oligosaccharide chain 
Thirty four mg of bromelain was activated with 5 mM L-cysteine-HCl in 0.05 M 
phosphate buffer pH 7.0, and after 10 min, 750 \i\ of 0.1 M sodium tetrathionate 
was added to block protein -SH groups. The sample was dialyzed extensively for 2-
3 hours. The volume of tetrathionate-treated enzyme was made up to 20 ml with 
phosphate buffer and then oxidized by incubating with 5 ml of 20 mM sodium 
metaperiodate with stirring in dark at 4^C (Murachi et al, 1971). The reaction was 
stopped after 2 hours by adding 5 ml of 95% (w/v) ethylene glycol and the mixture 
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dialyzed at 4°C against 0.05 M phosphate buffer pH 7.0. Extent of oxidation was 
confirmed by carbohydrate estimation by the procedure of Dubois et al. (1956). 
The dialyzed preparation was concentrated and its volume was made up to 5 ml 
with PBS pH 8.0, then stirred overnight at 4°C with 3.0 ml of 0.1% NAS 
previously treated with excess of 0.1 M ethylenediamine. The mixture was 
dialyzed against PBS, pH 8.0. The final preparation was then allowed to 
copolymerize with NIPAm as described above. 
2.2.1.7 Effectiveness factor 
The effectiveness factor (r)) of the immobilized preparation represents the ratio of 
actual to theoretical catalytic activity of the immobilized enzyme (Muller and 
Zwing, 1982). Actual activity value of the enzyme was determined by assaying an 
appropriate aliquot of the immobilized preparation. Theoretical activities of 
enzyme preparations were calculated by subtracting the soluble enzyme units 
remaining (after immobilization) from that added for immobilization. 
Effectiveness factor of an immobilized enzyme is a measure of internal diffusion 
effect and reflects the efficiency of immobilization procedure in retaining the 
enzyme in active form. 
2.2.1.8 Entrapment of free and pNIPAm conjugated bromelain in calcivmi 
alginate beads 
Two hundred U of native bromelain and bromelain coupled to the pNIPAm, via 
amino groups in 3 ml of 0.1 M acetate buffer, pH 5.6 were mixed separately with 
2.0 ml of the aqueous mixture of 3%, 4% and 5% (w/v) sodium alginate, 
respectively and slowly extruded as droplets through a 5.0 ml syringe into 200 ml 
of 0.2 M calcium chloride using needle no. 22. The formation of calcium alginate 
beads was instantaneous. The beads were then gently stirred for 2 hours. Beads 
were then washed and suspended in 0.1 M sodium acetate buffer, pH 5.6. 
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2.2.2 Immunological methods 
2.2.2.1 Immunization of rabbits 
Male rabbits weighing 2.2 kg were subcutaneousiy injected with 150 |ag of 
bromelain in 0.5 ml of 0.01 M phosphate buffer mixed (1:1) with Freund's 
complete adjuvant. The animals were rested for 15 days and booster doses, 
prepared by mixing 100 |ag of bromelain/0.5 ml solution with equal volumes of 
Freund's incomplete adjuvant, were subcutaneousiy given at weekly intervals for 4 
weeks. Blood was withdrawn through an ear vein and clot formation allowed to 
take place at room temperature for 6 hrs. Serum was collected by centrifugation 
and stored at 0°C. 
2.2.2.2 Ouchterlony double difftision 
The procedure was described by Ouchterlony (1949) was used. Agar plates were 
prepared by pouring 25.0 ml of 1% (w/v) agarose solution in normal saline. The gel 
was allowed to solidify and wells punched. Bromelain (about 30 |ig) was loaded in 
the central well and 5-20 |al of adequately diluted antisera were added in the 
peripheral wells. The antigen was loaded after 4 hours at room temperature and 
subsequently overnight in a refrigerator. 
2.2.2.3 Direct binding enzyme-linked immunosorbent assay (ELISA) 
The titre of antigen specific antibodies was measured in the sera of immunized 
rabbits by ELISA. The 96 well microtitre plates (Immunol 2HB, dynex, USA) were 
coated with 100 |al of bromelain at a concentration of 5 |ig/ml in 0.05 M 
carbonate-bicarbonate buffer, pH 9.6 for 2 hours at room temperature and then 
overnight at 4°C. They were washed 3 times with TBS-tween (0.14 M NaCl, 
2.7mM KCl and 20 mM Tris pH 7.4 with 500 |al/l tween) to remove the unbound 
antigen. Unoccupied sites were blocked with 150 ]A of 1.5% (w/v) BSA in TBS for 
3 hours at room temperature. The plates were washed with TBS-tween and 
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serially diluted antiserum samples (100 [il/well) in TBS to be tested were added to 
each well (1:100—•1:10,00,000). The plates were incubated for 2 hours at room 
temperature. After the usual washing steps, the peroxidase reaction was initiated 
by the addition of the substrate tetramethyl benzidine/ H2O2, the reaction arrested 
by the addition of 4.0 N H2SO4 and absorbance at 450 nm measured in an ELISA 
reader. Each sample was coated in duplicate, and the results were expressed as 
mean of A test-A control. (A=absorbance at 450 nm). 
2.2.2.4 Purification of IgG 
Twenty five ml of control serum was mixed with equal volume of 20 mM sodium 
phosphate buffer, pH 7.2 and solid ammonium sulphate was added to make the 
mixture 20% saturated. After 6 hours the sample was centrifuged at 5,000 rpm for 
20 minutes and the supernatant made 40% saturated with respect to ammonium 
sulphate. After 4 hours at 4°C the precipitate was collected by centriftigation at 
5,000 rpm for 20 minutes. Most of the IgG were present in the 20-40% pellet, 
which was dissolved in minimum volume of 20 mM sodium phosphate buffer, pH 
7.2, extensively dialyzed against the buffer with several changes and stored at 4°C. 
DEAE-cellulose was suspended in 10 volumes of 0.5 N HCl for 1 hour and 
washed in a Biichner funnel with distilled water till the filtrate had neutral pH. 
The exchanger was then treated with 0.5 N NaOH for 1 hour and again washed 
with distilled water till the filtrate had neutral pH. The DEAE-cellulose was then 
resuspended in 20 mM sodium phosphate buffer, pH 7.2 to obtain homogenous 
slurry. Fine particles were removed by decantation and the slurry jxjured in a 
vertically mounted column (1.8 cm x 10 cm). The flow rate was gradually 
increased to 30 ml/hr, the buffer carefully removed from the surface and the 
dialyzed protein sample was applied. After washing the column with one bed 
volume by 20 mM sodium phosphate buffer, pH 7.2, 3.0 ml fractions were 
collected and analyzed for protein content (Catty and Raykundalia, 1988). The 
homogeneity of purified protein was assessed by PAGE. 
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2.2.2.5 Binding of Antibodies to the polymer conjugated bromelain preparations 
Fifteen mg of anti-bromelain antibodies were mixed with 300 mg of pNlPAm-
bromelain conjugate in 0.2 M sodium phosphate buffer, pH 7.0 and incubated for 
12 hours at 4°C. 
2.2.2.6 Immvmoaffinity layering of bromelain on antibody coupled pNIPAm 
preparation 
Antibody coupled pNIPAm was prepared adopting the procedure of Zhu et al. 
(1998). 10 mg of antibromelain IgG were reacted with 0.1% NAS (3.0 ml) and rest 
of the reaction conditions and protocols were same as in section 2.2.1.4.1. After 
thorough washing the final preparation was treated with excess ethylenediamine 
to block other reactive sites on the polymer. This preparation was again 
thoroughly washed by repetitive reversible precipitations with 0.2 M phosphate 
buffer. The preparation was dissolved in 3.0 ml of 0.2 M phosphate buffer and 
incubated with 15 mg bromelain in 3.0 ml of the same buffer for 12 hours at 25°C. 
Then the polymer bound bromelain was precipitated by incubation at 40°C and 
separated from the soluble enzyme by filtration. The enzyme-polymer conjugate 
was then thoroughly washed by solubilization at 25°C and precipitation at 40°C. 
Enzyme activity in the supernatant and washings was determined and the 
difference from that of the added enzyme to determine the amount of bound 
enzyme. Preparations with multiple affinity layers were obtained by incubating 
the pNlPAm linked preparation alternately with antibody and enzyme (Farooqi et 
al., 1999). After each incubation, the polymer was precipitated and washed 
thoroughly by repetitive precipitations. For the determination of bound antibody 
and bromelain, total protein and enzyme activity were quantitated in the 
supernatants and washings and subtracted from that of the added antibody or 
bromelain. 
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2.2.3 Polyacrylamide gel electrophoresis (PAGE) 
2.2.3.1 Non-denaturing PAGE 
PAGE was performed essentially according to the method of Laemmli (1970) using 
a slab gel apparatus manufactured by Bangalore Genei, India. 2.7 ml of stock 
solution of 30% (w/v) acrylamide containing 0.8% (w/v) bis-acrylamide, was 
mixed with 2.5 ml of 0.15 M Tris, pH 8.8, 100 i^l of 10% (w/v) APS, 10 nl of 
TEMED and 4.7 ml of distilled water to give 8.0 percent of acrylamide in the total 
volume of 10.0 ml of the resolving gel. The solution was poured into the mould 
formed by two glass plates (8.5 cm x 10 cm) separated by 1.5 mm thick spacers. 
Bubbles and leaks were avoided, 1.0 ml of ter-butyl alcohol was added and then 
was allowed to polymerize. For stacking gel 330 ^1 of stock solution of 30% (w/v) 
acrylamide containing 0.8% (w/v) bis-acrylamide, was mixed with 250 |il of 0.1 M 
Tris, pH 6.8, 100 ^1 of 10% (w/v) APS, 2 ^1 of TEMED and 1.5 ml of distilled water 
was poured above the polymerized resolving gel washed with distilled water. A 
comb providing a template for 7 wells was quickly inserted into the gel film and 
polymerization was allowed to occur. After 15-20 min, the comb was removed and 
wells cleaned and overlaid with running buffer. Protein samples (10-30 i^g) were 
mixed with equal volume of the sample buffer containing 10% (v/v) glycerol, 62 
mM Tris-HCl, pH 6.8 and traces of bromophenol blue as tracking dye and applied 
to the wells. Electrophoresis was performed initially at 50 V, till the samples 
reached the resolving gel and then at 100 V in buffer containing 25 mM Tris and 
0.2 M glycine until the tracking dye reached the bottom of the gel. 
2.2.3.2 SDS-PAGE 
SDS-PAGE (reducing) was performed by the Tris-glycine system of Laemmli 
(1970) using slab gel electrophoresis apparatus manufactured by Bangalore Genei, 
India. Resolving gels with 8.0%, 10.0%, 12.0% and 15.0% of acrylamide were 
polymerized depending upon the need of experiment, in the similar way as in 
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non-denaturing PAGE except that 100 \i\ of 10% (w/v) SDS was additionally added 
in the mixture and polymerized. 20 i^l of 10% (w/v) SDS was also additionally 
added in the stacking gel and similarly polymerized as in non denaturing PAGE. 
The wells were cleaned and subsequently overlaid with running buffer. Protein 
samples (15-35 [ig) were mixed with equal volume of the sample buffer and boiled 
at 100°C for 5 min. Electrophoresis was performed at 50 V in running buffer 
containing 25 mM Tris and 0.2 M glycine and 0.1% (w/v) SDS till the tracking dye 
reached the bottom of the gel. 
2.2.3.3 Staining Procedures 
After the electrophoresis was complete, the gels were removed and protein bands 
were visualized by staining. 
2.2.3.3.1 Coomassie brilliant blue staining 
Protein bands were detected by staining with 5 gel volumes of 0.1% (w/v) 
coomassie brilliant blue-R-250 in 45% (v/v) methanol and 10% (v/v) acetic acid 
for at least 4 hours. For destaining, the gels were incubated with shaking in 5% 
(v/v) methanol and 5.0% (v/v) acetic acid at room temperature. 
2.2.3.3.2 Silver nitrate staining 
The procedure described by Nesterenko et al. (1994) was followed with few 
modifications. After electrophoresis the protein bands were fixed by rapidly 
immersing the gel in a mixture of 50% (v/v) acetone, 1% (w/v) trichloroacetic acid 
and 0.15% (v/v) formaldehyde for 10 min with constant shaking. The gel was then 
washed 3 times with distilled water. This was followed by the second incubation 
in 50% (v/v) acetone, which was further followed by pretreatment with 0.016% 
(w/v) Na2S203.5H20 in order to prevent surface staining and to ensure a clear 
background. The gel was then impregnated in silver staining agent which is a 
mixture of 0.27% (w/v) AgNOa and 0.37% (v/v) formaldehyde for 16 minutes with 
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constant shaking. The impregnation of the gel with silver nitrate is the basic step 
and the level of the sensitivity relies, in part, on the level of background staining. 
The gel was then rinsed with distilled water. The gel was then immersed in the 
developer mixture containing 0.18 M sodium carbonate, 0.015% (v/v) 
formaldehyde and 0.004% (w/v) Na2S203.5H20 for 60 sec till brown precipitate 
against protein bands appears. The reaction was immediately stopped by addition 
of 1% (v/v) glacial acetic acid. The gel was washed 4-5 times with distilled water. 
The gel was incubated for 15 min in 1% (v/v) glycerol and dried vmder vacuum 
between two cellophane sheets. 
2.2.4 Colorimetric/Spectrophotometric analysis 
2.2.4.1 Determination of protein concentration 
Protein concentrations were determined either spectrophotometrically by 
measuring the absorbance at 280 nm or by the method of Lowry et al. (1951) using 
bovine serum albumin (BSA) as the standard. Protein concentration of stem 
bromelain was determined using an extinction coefficient (E'°''°I cm, 280 nm — 20.1; 
Reyna and Arana, 1995). The molecular mass of stem bromelain was taken as 
23,800 Da (Vanhoof and Cooreman, 1997). Protein in the column fractions was 
monitored at 280 nm as O.D (Optical density). 
2.2.4.2 Determination of polymer concentration 
Concentration of the polymer prepared by the polymerization of NIPAm 
containing 4.0% GMA was determined spectrophotometrically at 226 nm. A 
standard plot was prepared by measuring the O.D. at 226 nm of increasing 
amount of the polymer (m= 1.243 and c= 0.013). 
2.2.4.3 Assay of invertase 
Activity of invertase was measured using sucrose as a substrate (Goldstein and 
44 
Mfdimiials and'MnihodG 
Lampen, 1975). The reaction mixture of 250 |il of 0.2 M sodium acetate buffer, pH 
4.8 containing appropriate amount of invertase and 50 |il of 0.5 M sucrose were 
incubated at 37°C for 10 minutes. Then 200 |il of 0.5 M sodium phosphate buffer, 
pH 7.0 was added and kept in boiling water bath for 5 minutes to stop the 
reaction. Five hundred fil of distilled water and 1.0 ml of DNS were added and the 
samples kept at room temperature first for 5 min and at 100°C for 10 min. DNS 
reagent prepared by mixing of solution A (5.0 g of DNS in 100 ml of 2 N NaOH) 
and B (150 g of sodium-potassium tartarate in 250 ml of distilled water) and final 
volume made up to 500 mi with distilled water. Three ml of distilled water was 
added to each tube and absorbance was read at 540 nm. One unit of invertase was 
the amount that resulted in change of 0.001 O.D. at 540 nm per minute under the 
conditions given above. 
2.2.4.4 Assay of P galactosidase 
Activity of p galactosidase was determined using a synthetic substrate o-
nitrophenyl p D galactoside (ONPG). The total reaction mixture of 3 ml contained 
appropriate amovmt of enzyme in 0.2 M Tris-HCl buffer, pH 7.2 with 0.1 M NaCl 
and 0.008 M KCl and 4 mM ONPG. This was kept at room temperature for 30 min 
and then read at 420 nm. Activity of free and all the immobilized enzyme 
preparations were determined by this method. One unit of p galactosidase was the 
amount that resulted in change of 0.01 O.D. at 420 nm per minute under the 
conditions given above. 
2.2.4.5 Assay of stem bromelain 
Proteolytic activity of bromelain was measured using casein as a substrate 
(Murachi et al, 1964). The standard incubation mixture contained 0.2 M sodium 
phosphate buffer, pH 7.0, 5.0 mM L-cysteine and appropriate quantities of 
bromelain in a total volume of 0.5 ml. Enzyme preparations were preincubated for 
5 min at 37°C and the reaction initiated by addition of 0.5 ml of 1% (w/v) casein. 
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Reaction was stopped with 1.0 ml of 10% (w/v) trichloroacetic acid. The resulting 
soluble peptides were quantitated by the procedure of Lowry et al. (1951). The 
enzyme activity of immobilized bromelain was determined in a similar manner. 
One unit of bromelain was the amount that resulted in change of 0.01 O.D. at 700 
nm per minute under the condition given above. 
For kinetic studies the substrate Na-carboxybenzoxy-L-lysine p-
nitrophenyl ester (LNPE) was used. The reaction mixture contained varying 
amount of 1.25 mM LNPE in 90% (v/v) acetonitrile, 20 mM acetate buffer pH 4.6 
(100 mM potassium chloride, 1.0 mM cysteine-HCl) to make up the volume of 3.0 
ml and 0.05 ml of bromelain in 10 mM acetate buffer, pH 4.6. It was mixed and 
absorbance was measured at 340 nm after 5 minutes of incubation at 25°C 
(Heinrikson and K^zdy, 1976). 
2.2.4.6 Determination of LCST 
For the determination of LCST of polymers and polymer enzyme conjugates, the 
preparations were incubated separately at various temperatures in thermostatically 
controlled water-bath for at least 10 min. Then O.D. at 500 nm was taken and 
LCST, defined as the mid point of the thermal transition (Tm) was determined by 
plotting optical density against temperature which fitted to a sigmoidal curve 
(Uludag et al, 2001; Chen and Hoffman, 1992). All the determinations were done 
in triplicate and there was excellent agreement in the values. 
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3.0 Results and Discussions 
3.1 Immobilization of invertase on pNIPAm and con A coupled 
pNIPAm 
Bioaffinity based procedures that usually result in favourably oriented 
immobilization of enzymes, have attracted remarkable attention for bioanalytical 
and other applications (Mattiasson, 1988; Gupta and Mattiasson, 1992). The 
favoiurable orientation of enzymes on the support offers several advantages as 
compared to the randomly oriented enzymes (Khare and Gupta, 1988). A number 
of studies have described a striking increase in the efficiency and stability of 
enzyme as a result of favourable uniform orientation (Saleemuddin and Hussain, 
1991; Turkova, 1999; Liu et al, 2001). One of the affinity supports that had been 
exploited for bioaffinity-based immobilization of enzymes is the lectin, 
concanavalin A (con A). It has largely been used for the immobilization of 
glycoenzymes on a variety of supports (Saleemuddin and Hussain, 1991; 
Saleemuddin, 1999). In this study, invertase, an industrially useful glycoenzyme, 
w a^s used as model and immobilized on pNlPAm by covalent coupling as well as 
affinity binding via con A. 
A polymer for coupling of invertase was prepared by the polymerization of 
NIPAm containing 4% GMA. GMA provides epoxy groups in the polymer for 
covalent coupling of the proteins via amino groups (Hoshino et al, 1997). The 
polymer synthesized, thus exhibited a LGST of 32°C (Fig. 10). Preparations of 
immobilized invertase were obtained either by covalent coupling via amino groups 
to the pNIPAm or by the affinity binding of the enzyme to the polymer 
precoupled with con A. Gon A was also linked to the polymer via amino groups 
using the procedure already described. Invertase, being a glycoenzyme, readily 
binds to the polymer precoupled with con A. Under the conditions used, 4.2 mg of 
con A was coupled per gram of pNlPAm. The LGST of pNIPAm remained 
unaffected as a result of coupling of invertase or con A. 
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Figure 10 Thermal transition of the NlPAm-GMA polymer 
1% (w/v) of NIPAm-GMA polymer in 0.1 M phosphate buffer, pH 7.0 
was taken and incubated separately at different temperatures for at 
least 10 min. O.D. at 500 nm was taken and LCST (Tm) was determined. 
All the determinations were done in tripUcate with less than 2% of 
variation. 
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As compared to the amount of invertase that could be covalently linked to 
the pNIPAm, more units of enzyme were bound when con A-pNIPAm was 
incubated with the same amount of enzyme (Table 4). As shown in table 4, 71,250 
units of invertase were covalenty coupled to one gram of the polymer, while 
1,78,125 units of invertase were bound to the same amount of polymer precoupled 
with con A. Also the fraction of bound catalytic activity expressed (r\) of invertase 
was higher when the enzyme was bound on the con A support. The high 'r|' 
values suggest that the affinity-bound invertase preparation was more accessible 
for action on substrate than the enzyme covalently coupled to the polymer. The 
higher x] value may result due to the high molecular weight con A, acting as spacer 
and facilitating favourable spatial orientation of the enzyme molecules. It is well 
known that spacers improve the accessibility of immobilized enzymes. 
Introduction of a spacer on the polymer matrix has been found to increase the 
expressed activity of trypsin (Nouimi et al., 2001). It is also likely that in the 
covalently linked invertase preparation, enzyme was coupled to the polymer by 
multiple linkages, resulting in unfavorable conformational changes in the enzyme 
molecules and in turn decreasing the catalytic activity. Also lack of spacer and 
attachment by multiple linkages may restrict access of active site by steric 
hindrance of polymer chains. 
In order to purify the polymer with immobilized enzyme from the 
unbound polymer, the preparations were passed through a Sepharose 4B column 
(1.7cmx75cm, Vo= 46 ml) at 25°C (Fig. 11). At this temperature, which is 
significantly below the LCST, the free and enzyme linked polymers are completely 
soluble in buffer. The elution profile of the polymer measured at 226 nm, showed 
a single broad peak, while that of the polymer preparation with affinity-bound 
enzyme showed two peaks; one corresponding to the uncoupled polymer and the 
other in the void volume. This suggested that the enzyme bound polymer 
preparations had a very high molecular weight and is excluded from the Sepharose 
4B column. Enzyme activity also co-eluted with the polymer in the void volume. 
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Table 4 Immobilization of invertase on pNIPAm and con A coupled pNIPAm 
Preparation 
Covalently 
coupled 
Affinity 
bound 
Units added/g 
2,50,000 
2,50,000 
Enzyme activity 
(U/g) 
Theoretical Actual 
A B 
71,250 14,965 
1,78,125 58,780 
Effectiveness 
factor 
n 
BA-' 
0.21 
0.33 
Each value represents the mean of at least three independent experiments with 
variation not exceeding 3.0 %. 
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Figure 11 Gel permeation chromatography of free pNIPAm and that with 
coupled invertase from a Sepharose 4B column 
A column of 1.7 cmx75 cm was used. Free pNIPAm (A) or that coupled 
to con A and bound with invertase (B) were passed through the 
column. The fractions were screened for the presence of enzyme 
activity (C). Con A (D) and invertase (E) were also passed separately 
through the column. The fractions were analysed for the polymer at 
226 nm, protein content at 280 nm and invertase activity at 540 nm. 
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The polymer with covalently coupled enzyme also showed comparable elution 
profile with two peaks corresponding to coupled and uncoupled polymer. These 
samples were collected and pooled for further investigations. 
Figure 12 shows that the absorption spectra, of free pNIPAm and that with 
affinity bound invertase exhibit a peak at 226 nm. The latter however showed 
higher absorbance between 240 nm and 290 nm, apparently due to the coupled 
invertase. It is well known that most proteins absorb in the UV region with a 
maximum around 280 nm. 
3.1.1 Behaviour of invertase immobilized on pNIPAm 
3.1.1.1 Effect of Temperature 
The pNIPAm preparations with invertase, either covalently coupled or affinity-
bound via con A, exhibited temperature optima at 55°C, like the native enzyme 
(Fig. 13). The temperature-activity profiles of the immobilized enzyme 
preparations were also comparable with that of the native enzyme. There was also 
no significant effect of the thermal transition of the polymer, occurring at 32°C on 
the catalytic activity of the polymer bound enzyme. Above LCST, the reaction 
catalysed by the polymer coupled enzyme occurs, biphasicaUy and the collapse of 
the polymer chains is expected to change the microenvironment of the active site 
or cause the flocculation of the enzyme, both leading to the drop in enzyme 
activity (Chen and Hsu, 1997). However, no such effect of thermal transition on 
the enzyme activity was observed in this case. A possible explanation is the 
favoiu-able partitioning of the substrate near the active site as the polymer turns 
insoluble. Such partition may compensate the activity loss due to the collapsed 
polymer chains. Alternatively, at low polymer concentrations there may be little 
intermolecular aggregates formation and hence no effect on enzyme activity. It 
was seen that enzyme activity of concentrated pMPAm-lipase solution was 
dependent on LCST (Matsukata et aJ., 1994), while at lower concentrations, 
similar conjugate of trypsin was not LCST dependent (Matsukata et al, 1996). 
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Figure 12 Absorption spectra of free pNIPAm and invertase coupled to pNIPAm 
1 .0% (w/v) of free pNIPAm and invertase coupled pNIPAm in 0.1 M 
phosphate buffer, pH 7.0 were scanned at 25°C. (•) pNIPAm; (•) 
invertase bound on pNIPAm precoupled to con A. 
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Other studies on enzymes coupled to smart polymers suggest that the dependency 
of the enzyme activity on LCST is related to the sensitivity of the enzymes toward 
hydrophobic environment (Valuev et aJ., 1994). Lee and Park (1997) postulated 
that the lack of decrease in accessibility of the substrate to active site of the 
enzyme may result either by incomplete coverage of the active site by the 
collapsed pNIPAm chains or due to the conjugation of the polymer to regions of 
the enzyme far removed from the active site. As evident from the figure 13, the 
immobilized enzyme preparations showed greater fractions of maximum activity 
at higher temperatures than the native enzyme. This suggests that the precipitated 
form of the polymer provided stabiUzation against heat to the enzyme, presumably 
by changing its microenvironment while providing good access to the substrate. 
The broadening of the temperature-activity profiles was more marked in the case 
of affinity-bound enzyme. 
Thermal inactivation of the native and immobiUzed enzyme preparations 
at 60°C (Fig. 14) also suggested a marked increase in stability of the latter. After 
incubation for three hours at 60°C only 23% activity remained of the native 
enzyme, while 68% and 74% of activities were retained by the covalently coupled 
and affinity-boimd enzyme preparations, respectively. A number of glycoenzymes 
which have been immobiUzed on supports via the glycosyl chains exhibit 
markedly higher stabihty than those linked via side chain amino groups (Hsiao 
and Royer, 1979; Woodward and Zachry, 1982; Iqbal and Saleemuddin, 1983; 
Husain et al, 1992). The impressive increase in thermal stability of some 
glycoenzymes immobilized through carbohydrate moiety, especially on con A 
supports (Saleemuddin and Hussain, 1991; Vrabel et al, 1997) could also be 
explained by the observation that regions close to the glycosylation sites might be 
important in the unfolding of several glycoenzymes (Hofman et al, 1993; Younus 
et al, 2001). According to the authors, enzymes have labile regions where 
unfolding begins and modification/binding of these regions may restrict unfolding 
of the molecule. Labile regions have shown to be present in a number of enzymes 
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Figure 13 Effect of temperature on native invertase and pNIPAm immobilized 
invertase preparations 
Temperature activity profiles of native (•), covalently coupled (•) and 
affinity bound invertase (A) were determined by performing enzyme 
assays at indicated temperatures under standard conditions. Each value 
represents the mean of three different experiments carried out in 
duplicate. 
Figure 14 Thermal inactivation of native invertase and pNIPAm immobilized 
invertase preparations 
Native (•), covalently coupled (•) and affinity bound invertase (A) 
were incubated for various durations at 60°C, cooled at 0°C and assayed 
under the standard conditions. Each value is the average of at least 
three independent experiments carried out in duplicate. 
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(Hoftnan et al., 1993). Binding of con A linked pNIPAm to the glycosyl chains 
may therefore restrict unfolding of the enzyme. 
3.1.1.2 Effect of pH 
Activity profiles of native and pNlPAm linked invertase preparations were 
investigated in buffers of various pH at 25°C (Fig. 15). The optimum pH for the 
native as well as immobilized invertase preparations was 5.0. The fractions of 
activity retained by the immobilized preparations were higher both at low and 
high pH as compared to those of the native enzyme. The covalently coupled 
invertase preparation showed relatively lower loss of activity than that of the 
affinity-bound enzyme at acidic pH while in the alkaline pH range there was little 
difference in the activity profiles of the immobilized preparations. Since the 
covalent coupUng of invertase to pNIPAm may involve multipoint attachment to 
the polymer resulting in more rigid conformation, it may unfold less readily at the 
extremes of pH. 
3.2 Immobilization of p galactosidase on con A coupled pNIPAm 
differing in molecular weights 
To substantiate the usefulness of affinity immobilization of enzymes on pNIPAm 
precoupled with con A, additional studies were carried out on p-galactosidase 
which is also a glycoenzyme. In this study the affect of the chain length of the 
pNIPAm was investigated, on the behaviour of immobilized enzyme. The polymer 
when passed through a Sepharose 4B colimm emerged with a broad elution 
profile, suggesting molecular weight heterogeneity of the preparation as observed 
earlier (Fig. 11). The polymer was further fractioned to high, mediimi and low 
molecular weight preparations. Fractions 18-26, 31-39 and 42-47 were collected, 
pooled, concentrated and again passed through Sepharose 4B column which 
emerged as three distinct peaks (Fig. 16). It may however be noted that molecular 
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Figure 15 Effect of pH on native invertase and pNIPAm immobilized invertase 
preparations 
pH activity profiles of native (•), covalently coupled (•) and affinity 
bound invertase (A) were obtained by incubating the preparations in 
buffers at various pH; 0.2 M glycine-HCl (pH 2.0, 3.0), 0.2 M acetate 
(pH 4.0, 5.0) and 0.2 M phosphate (pH 6.0, 7.0) and assayed for enzyme 
activity under standard conditions. Each value represents the mean of 
three different experiments carried out in duplicate. 
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weights of the polymer could not be determined by gel filteration since no suitable 
standards were available. 
The high, medium and low molecular weight polymers exhibited only 
slightly different LCSTs (Fig. 17). The apparent marginally high LCST of the lower 
molecular weight polymer is difficult to explain since one would expect the LCST 
of the larger molecular weight polymer to be higher. The polymer of different 
molecular weights were coupled with con A and it was observed that the amount 
of con A coupled to the polymer increased with the molecular weight of the 
polymer, being maximum for the HMW polymer. Under the conditions used, 6.5 
mg, 4.6 mg and 2.8 mg of con A were coupled to HMW, MMW and LMW 
polymers, respectively. The HMW polymer, because of the greater GMA content 
than its lower molecular weight counterpart, will have more reactive groups and 
hence may facilitate greater coupling. The con A coupled polymers were allowed 
to bind to p-galactosidase. Binding of the enzyme was, as anticipated indicated a 
dependence on the amount of con A coupled; maximum in the case of HMW 
polymer followed by medium and low molecular weight polymers (Table 5). 
Predictably, the activity of the bound enzyme was also higher for the preparation 
precoupled with greater amount of con A. The r\ values, of all the preparations 
were however comparable. 
3.2.1 ' Properties of p galactosidase immobilized on different molecular weight 
pNIPAm 
3.2.1.1 Effect of temperature 
The temperature-activity profiles of all pNIPAm coupled enzyme preparations, 
showed optimiun temperatiure of 60°C, which was also the optimum temperature 
of the native enzyme (Fig. 18). Also, no effect of thermal transition on the activity 
of the enzyme bound to the polymers was observed. The pattern of the activity 
profiles of the polymer bovmd enzyme across the transition temperature were 
somewhat similar to that of the native enzyme as observed in the case of invertase 
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Figure 16 Elution profiles of different molecular weight pNIPAm 
The pNIPAm synthesized as described in the text was passed through a 
Sepharose 4B column (1.7 cniX75 cm). Fraction No. 18-26, 31-39 and 
42-47 were pooled and rechromatographed on the coliunn at 25°C. The 
fractions were respectively named as (•) high molecular weight 
(HMW), (•) medium molecular weight (MMW) and (A) low 
molecular weight (LMW) polymer. 
Figure 17 Thermal transitions of the various molecular weight pNIPAm 
1.0% (w/v) of all the polymers in 0.1 M phosphate buffer, pH 7.0 was 
pre-incubated at various temperatures for at least 10 min. prior to 
recording of O.D. at 500 nm of HMW (•), MMW (•) and LMW 
fractions (x). All the determinations were conducted in triplicate with 
less than 2.0% of variation. 
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Table 5 Immobilization of p galactosidase on pNIPAm differing in molecular 
weights 
pNIPAm type 
HMW 
MMW 
LMW 
ConA 
coupled 
(mg/g) 
6.5 
4.6 
2.8 
Enzyme 
added 
(U/g) 
3030 
3030 
3030 
Bound enzyme activity 
(U/g) 
Theoretical 
A 
Actual 
B 
1869 598 
1515 545 
990 307 
Effectiveness 
factor 
n 
BA-' 
0.32 
0.36 
0.31 
Each value represents the mean of at least three independent experiments with 
variation not exceeding 4.0 %. 
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coupled preparations, discussed earlier. Chen and Hoffman (1994) also found no 
effect of thermal transition across LCST on the activity of p-galactosidase directly 
coupled to pNIPAm. 
Thermal inactivation of the native as v^ fell as polymer bound enzyme 
preparations were investigated at 60°C (Fig. 19) and the latter were far more stable 
than the native enzyme. Reduction in mobility of the three dimensional structure 
of enzyme after immobihzation on a support is expected to enhance the thermal 
stabihty of the enzyme (Ulbrich et al., 1986). A similar effect is shown by the 
polymer coupled enzyme above LCST where the precipitated polymer reduces the 
mobiUty of the enzyme and hence improves thermal stability (Chen and Hsu, 
1997). After four hours of incubation at 60°C, the remaining activity of the 
enzyme were 20%, 70%, 75% and 61% for native, HMW, MMW and LMW 
polymer bound preparations, respectively. This suggested that the HMW and the 
MMW polymer bound enzyme preparations were slightly more stable. Apparently 
the molecular weight of the polymer did not affect the thermal stability of the 
affinity-bound preparations markedly. 
3.2.1.2 Effect of pH 
pH-activity profiles for all the polymer boimd enzyme preparations were 
investigated both at 25°C and 35°C. It was expected that the behaviour of the 
polymer coupled enzyme will be different below and above LCST of the polymer 
due to the expansion and collapse of the polymer chains on the enzyme surface. At 
25°C, the profiles were somewhat broader to those at 35°C (Fig. 20). The optimiun 
pH of the native enzyme was 7.0 and remained unaltered after immobilization 
on the different molecular weight polymers. The polymer bound p-galactosidase 
showed greater fraction of activity both at alkaline and acidic pH than the native 
enzyme, especially at 25°C. This might be due to the insolubilization of the 
polymer causing lower accessibihty of the enzyme to the substrate at 35°C. Effect 
of precipitation of the polymer on conjugated enzyme activity has been studied by 
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Figure 18 Effect of temperature on the activity of native p-galactosidase and those 
immobilized on pNIPAm differing in molecular weights 
Temperature-activity profiles of native (•), HMW (•), MMW (A) and 
LMW pNIPAm bound p galactosidase (^) were obtained by performing 
enzyme assay at indicated temperatures under standard conditions. 
Each value represents the mean of three different experiments carried 
out in duplicate. 
Figure 19 Thermal inactivation of native p-galactosidase and those immobilized 
on pNlPAm differing in molecular weights 
Native (•), HMW (•), MMW (A) and LMW pNIPAm bound p-
galactosidase (x) were incubated for various durations at 60°C and 
assayed under the standard conditions. Each value is the average of at 
least three independent experiments carried out in duplicate. 
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Figure 20 Effect of pH on the activity of native p-galactosidase and those 
immobLlized on pNIPAm differing in molecular weight 
pH-activity profiles at 25°C (A) and 35°C (B) of native (•), HMW (•), 
MMW (A) and LMW NIPAm-GMA polymer bound p galactosidase (x) 
were obtained by incubating the preparations in the buffers of various 
pH; 0.2 M acetate (pH 4.0, 5.0), 0.2 M phosphate (pH 6.0, 7.0, 8.0) and 
0.2 M bicarbonate (pH 9.0, 10.0) and assayed for enzyme activity imder 
standard conditions. Each value represents the mean of three different 
experiments carried out in duplicate. 
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Hoshino et al. (1997) by comparing the specific activity of polymer conjugated 
thermolysin at temperatures where the polymer exists in soluble and insoluble 
forms. It was shown that fraction of activity of polymer-coupled thermolysin, was 
more at a temperature where the polymer was in the soluble form than that in the 
insoluble form. Small differences were apparent in the fraction of activity retained 
by enzyme bovmd to pNIPAm of various molecular weights at high temperature 
(Fig. 20). 
3.2.1.3 Determination of Km 
The activity of native as well as immobihzed enzyme preparations was measured 
as a function of substrate concentration at 25°C (Fig. 21). Km for all the 
preparations determined from their Lineweaver-Burk plots using ONPG as a 
substrate, were 12.5 mM, 5.9 mM, 5.3 mM and 7.4 mM for native, HMW, MMW 
and LMW polymer bound enzyme, respectively. This shows that the affinity of 
the enzyme for substrate did not decrease but actually showed a small increase by 
immobihzation on the polymers. The increase was maximum for the MMW 
polymer boimd enzyme. Affinity binding of the enzyme may bring about a 
favoiu-able conformational change in the active site of the enzyme and hence 
increase the substrate affinity. It is also possible that the hydrophilic groups of the 
polymer may contribute to an increase in the local substrate concentration around 
the enzyme boimd to the polymer and hence decrease the Km. Other reports also 
show that Km values of enzyme may decrease as a result of immobilization (Chen 
and Hoffman, 1993). 
3.3 Immobilization of bromelain on pNIPAm 
The third enzyme investigated for behavioral studies of enzymes coupled to 
pNIPAm, was bromelain. Bromelain is a plant thiol protease with broad 
specificity. It has a lone oUgosaccharide chain which does not participate in 
catalytic function (Murachi et al, 1967; Scocca and Lee, 1969) and earher studies 
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Figure 21 Lineweaver-Burk plot for ONPG hydrolysis by native and pNlPv^m 
immobilized p galactosidase 
Reciprocal concentrations of velocity were plotted as a function of 
reciprocal concentrations of substrate for native p-galactosidase (•), or 
the enzyme immobilized on HMW (•), MMW (A) and LMW (x) 
NIPAm-GMA polymer. The enzyme assay was {performed using ONPG 
as a substrate. Each value represents the average of three experiments 
carried out in triplicate with variations not exceeding 4%. 
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from this laboratory have utilized this unique feature to uniformly and favourably 
orient the enzyme on solid surfaces (Gupta and Saleemuddin, 2006). 
3.3.1 Covalent coupling of bromelain to pNIPAm 
Alternative strategies were used to prepare pNIPAm conjugates of bromelain in 
which bromelain was coupled first to NAS, either via the aminogroups (randomly 
coupled) or the lone carbohydrate chain (imiformly coupled) and then 
copolymerized with NlPAm using the procedure described by Zhu et al. (1998). 
When the succinimide ester is used for protein conjugation, the preferred pH 
range for reaction is around 8.0-9.0 (Brinmley, 1992). At low pH the aminogroups 
are positively charged and have low reactivity towards NAS ester groups while at 
high pH the ester groups are susceptible to hydrolysis (Chen and Hsu, 1997). The 
coupling yield of bromelain to the polymer via amino groups was investigated in 
buffers of various pH and it was maximum at pH 8.0 (Fig. 22). The polymer 
prepared and used for enzyme immobilization in the study was apparently of very 
high molecular weight, as it was excluded from a Sepharose 4B column. 
Among the two preparations obtained, more bromelain was linked to the 
polymer, when coupling involved reaction between the amino groups of the 
enzyme and the polymer (Table 6). Thus, while 2267 U of bromelain were coupled 
per gram of polymer in case of the randomly coupled preparation, uniform 
coupling via the glycosyls resulted in association of only 910 U. Higher 
immobilization yield, that resulted in case of the randomly coupled preparation is 
apparently related to the reaction between the terminal amino group and/or 
one/more of the 15 side chain amino groups available in the bromelain molecule 
(Vanhoof and Cooreman, 1997). Stem bromelain on the other hand contains a 
single ohgosaccharide chain (Murachi et al, 1967) and hence a lone linkage 
between support and the enzyme can be anticipated when it is coupled after 
oxidation of the oligosaccharide chain to the amino group bearing polymer. 
CoupUng of bromelain through the oligosaccharide is therefore expected to result 
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Figure 22 Effect of pH on the coupling of bromelain to pNIPAm 
17 mg of bromelain was modified with 3 ml of 0.1% NAS in buffers of 
various pH; 60 mM PBS, pH 6.0, 7.0, 8.0, bicarbonate buffer saline pH 
9.0, 10.0 and further polymerized with 150 mg of NIPAm as described 
in methods section 2.2.1.4. Amoimt of enzyme coupled to the polymer 
was determined in all the samples. Each value represents the mean of 
three experiments. 
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Table 6 Coupling of bromelain to pNIPAm via amino groups and the 
oligosaccharide chain 
Nature of 
coupling 
via -NH2 
groups 
via oligo-
saccharide chain 
Enzyme 
added 
(U/g) 
7593 
7593 
Bound enzyme activity 
(U/g) 
Theoretical 
A 
Actual 
B 
2167 628 
910 200 
Effectiveness 
Factor 
(n) 
BA-' 
0.29 
0.22 
Each value represents the mean of at least three independent experiments 
performed in duplicate. 
68 
RnsuUs and DiecuGsione 
in uniform orientation of the enzyme on the polymer. During peroxidation of the 
oligosaccharide chain of the enzyme, aldehyde groups are generated which react 
with the amino groups of the NAS pre-reacted with the diamine. The oxidation 
reaction was carried out in dilute solution of bromelain to avoid oligomer 
formation and this was evident from the SDS-PAGE of periodate oxidized 
bromelain that gave a single major band without evidence of the presence of large 
molecular weight aggregates. 
Effectiveness factor, r| was 0.29, in case of the uniformly coupled 
bromelain, which was significantly higher than 0.22, that of the randomly coupled 
preparation. This suggested greater accessibility of the former for action on the 
substrate. Since a high molecular weight protein, casein was used as the substrate 
in these studies, steric hindrance in the approach of active site may be high hence, 
the observed r\ values can be considered significant. Carbohydrates do not play 
any significant role in the catalytic function of bromelain (Murachi et al, 1967; 
Scocca and Lee, 1969), so coupling through the carbohydrate is not likely to 
inactivate the enzyme. In addition, the uniformly coupled preparation may have 
enzyme molecules in orientation that facihtates better accessibiUty of the active 
site. In contrast, the randomly coupled preparation is expected to be linked 
through one or more of the side chain amino groups, some of which may be 
positioned close to the active site or via those crucial for the maintenance of active 
conformation. It may however be mentioned that the observed enhancement in 
accessibility to protein substrate as a result of uniform orientation, was rather 
limited. 
Wilchek and Miron (2003) have suggested that even during random 
immobUization, using group specific reactions, enzymes normally bind through 
one or two Unkages and hence may not result in multiple types of orientations. 
Since under normal conditions only one or few side chain groups of enzyme react 
with reactive groups on support matrix, the "actual randomness" of the 
immobilization may be limited (Mateo et al., 2005, Mienglo et al, 2003). It is 
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therefore likely in case of enzymes that have the reactive side chain groups located 
in the proximity of active site, random coupUng leads to the preparation exhibiting 
low activitY- When such enzymes are favourabJy oriented, however the resulting 
preparation may exhibit far high activity. For the same reason, if the reactive side 
chain groups are located away from the active site, uniform orientation may not 
improve the activity of immobilized preparation significantly. 
The moderate increase observed in the r| value of the uniformly oriented 
bromelain may also be related to the lone glycosyl chain acting as a spacer 
between the support matrix and the enzyme (Hsiao and Royer, 1979; Woodward 
and Wiseman, 1978). 
3.3.2 Properties of bromelain coupled to pNIPAm 
3.3.2.1 Effect of pH 
Native bromelain acts optimally on casein at pH 8.0 with a broad pH-activity 
profile at 25°C. The pH-activity profile was sharper at 35°C suggesting greater 
inactivation of the enzyme, particularly at extremes of pH. Bromelain randomly 
but not uniformly coupled to pNTPAm preparation, exhibited a shift in the pH 
optimum towards alkahne range at 25°C (Fig. 23 A). At 35°C however, both the 
immobilized preparations showed optimum activity at pH 10.0 and their activity 
profiles were broader than that of the native enzyme. The immobilized enzyme 
preparations retained far higher fraction of maximum activity, as compared to the 
native enzyme at extremes of pH (Fig. 23 B). This may be related to the resistance 
of the immobilized enzyme to rapid loss in activity due to conformational 
aiteration/autoJysis at the pH values far removed from optimum pH. The effect 
appeared more marked at 35°C. The shift in the pH-optimum of only the 
randomly coupled preparation at 25°C and that of both the immobilized 
preparations at 35°C is difficult to explain and may be related to specific micro-
environmental effects and the preparations differing in proximity of the enzyme to 
the polymer chains. 
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3.3.2.2 Effect of Temperature 
Stem bromelain shows a temperature optimum of 60°C that remained unaltered in 
case of the uniformly coupled preparation. The optimum temperature of the 
randomly coupled preparation however increased to 70°C (Fig. 24). Both the 
immobiUzed preparations retained far higher fractions of maximum activity than 
to that of native enzyme, both at 70°C and 80°C. The remarkable increase in the 
stabiUty of bromelain preparations coupled to the polymer is also evident from 
figure 25. Native bromelain rapidly lost activity at 60°C and retained only about 
10 percent of the initial activity after incubation for 180 minutes. Both the 
randomly and tmiformly polymer coupled preparations were clearly more stable 
with retention of 35 percent and 24 percent activities respectively after 180 min 
incubation. The number of covalent/noncovalent Unkages between enzyme and 
the support has been shown to influence the stability of enzymes to various forms 
of inactivation with stability increasing with the nimiber of linkages (Iqbal and 
Saleemuddin, 1983). The randomly coupled preparation may therefore be more 
resistant to unfolding induced by heat. It is also well recognized that immobilized 
proteases are usually remarkably resistant to autoloysis due to lowered contact 
between the enzyme molecules and the resistance appears very significant at 
higher temperatures (Lee and Park, 1998; Vlasov et al., 1981). Restricted autolysis 
may therefore contribute towards apparent stabiUty exhibited by the bromelain 
preparation linked to pNIPAm. 
In an attempt to ftuther increase the stability of pNIPAm coupled 
bromelain, antibromelain antibodies were incubated both with randomly and 
uniformly coupled enzyme preparations. Polyclonal antibodies were raised in 
rabbits as detailed in the methods section 2.2.2.1 and the procedure resulted in 
high titre of antibodies in the immune serum revealed by direct binding ELISA. 
The preimmune serum did not show appreciable binding activity (Fig. 26). 
Immunodiffusion of bromelain against the antiserum showed single precipitin 
lines indicating homogeneity of the preparation (Fig. 27). The IgG fraction was 
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Figure 23 Effect of pH on the activity of native and pNIPAm coupled bromelain 
preparations 
pH-activity profiles of native and pNIPAm coupled preparations were 
studied at 25°C (A) or at 35°C (B). Native bromelain (•), that randomly 
(•) or uniformly coupled to pNIPAm (A) were assayed in buffers of 
different pH; 0.2 M glycine-HCl (pH 2.0), 0.2 M acetate (pH 4.0), 0.2 M 
phosphate (pH 6.0, 8.0), 0.2 M bicarbonate (pH 10.0) and 0.2 M 
glycine-NaOH (pH 12.0). Each value is the average of at least three 
independent experiments. 
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Figure 24 Effect of temperature on activity of native bromelain and pNlPAm 
coupled bromelain preparations 
Temperature activity profiles of native bromelain (•), bromelain 
randomly (•) or uniformly coupled to pNIPAm (A ) were obtained by 
performing the enzyme assay at indicated temperatures under standard 
conditions of pH and substrate concentration. Each value represents 
the average of three different experiments carried out in duplicate. 
Figure 25 Thermal denaturation of native bromelain and pNIPAm coupled 
bromelain preparations 
Native bromelain and the pNIPAm prepartions with coupled enzyme, 
preincubated with or without anti-bromelain antibodies, were 
incubated for various durations at 60°C and assayed under the standard 
conditions. (•) Native bromelain, (•) bromelain randomly coupled to 
p(NlPAm), (A) bromelain uniformly coupled to the pNlPAm, (x) 
bromelain randomly coupled to pNIPAm and incubated with 
antibodies, (•<) bromelain uniformly coupled to pNIPAm and incubated 
with the antibodies. Each value is the average of at least three 
independent experiments. 
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Figure 26 ELISA of bromelain antdsera 
Direct binding ELISA of preimmunized (•) and bromelain immunized 
(•) rabbit sera were performed at various dilutions (1:100, 1:200, 
1:1,000, 1:5,000, 1:10,000, 1:20,000, 1:50,000, 1:1,00,000, 1:2,00,000, 
1:5,00,000, 1:10,00,000). Details are given in methods section 2.2.2.3. 
Figure 27 Ouchterlony double immunodiffusion of bromelain against the 
bromelain specific antiserum 
The central well contained 30 |ig of bromelain, well 1, 2 and 3 were 
loaded with 20 |il, 10 i^l and 5 |il of the appropriately diluted antisera, 
respectively. 
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purified from the immuneserum as described in the methods section 2.2.2.4. 
Native and SDS-PAGE confirmed the purification of IgG (Fig. 28). 
Fifteen mg of the piuified IgG was incubated with 300 mg of the bromelain 
coupled pNIPAm preparations. 9.2 mg and 4.5 mg of IgG were found to be boimd 
on randomly and uniformly coupled bromelain to pNIPAm, respectively. The 
thermostabiUty of the polymer coupled bromelain was further improved 
remarkably on incubation with the antibodies (Fig. 25). About 70 percent and 58 
percent of the initial activity were retained by the antibody-bound uniformly 
coupled and randomly coupled preparations respectively after 180 minutes of 
incubation at 60°C. Specific polyclonal/monoclonal antibodies have been 
successfully used to provide increased stability to the enzyme. Antibodies have 
been shown to confer stabihty to several enzymes by increasing resistance to 
luifolding and/or by physical shielding of the vulnerable sites on the surface of the 
enzyme (Shami etaJ., 1989; 1991; Saleemuddin, 1999). 
The possible role of restricted autolysis in the inactivation of bromelain is 
supported by the data of figure 29. At 25°C not only are the polymer coupled 
preparations exposed to temperature below their LCST, but the temperature is 
relatively low for the induction of thermal inactivation. While it is true that 
autolysis rates are also Ukely to be low at lower temperatures, they may contribute 
significantly to the observed inactivation as compared to thermal denaturation. As 
shown in the figure 29, while native bromelain lost nearly all activity in 5 hours, 
the immobUized preparations retained more than 90 percent activity. While it is 
true that enzyme-enzyme interaction that may result in autolysis may be even 
more restricted above LCST in the pNIPAm coupled preparation (Ding et al, 
1998), because of the large molecular dimensions of the polymer, autolysis may be 
quite low even at temperatures where the polymer is not insoluble. Also below 
LCST the polymer may form a protective colloid like hydrated surface layer that 
may restrict autolysis and/or unfolding (Ding et al, 1998). 
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Figure 28 Purification of IgG 
IgG was piudfied from the immune serum as described in methods 
section 2.2.2.4. 
(A) The electrophoretic pattern of anti-serum (lane 1), 20-40 % ammoniimi 
sulphate fraction (lane 2) and purified IgG (lane 3) are shown in 7.5 % 
non denaturing gel. 10-30 |ig of each preparation was electrophoresed 
on the slab gel and coomassie brilliant blue staining was adopted. 
(B) The electrophoretic pattern of purified IgG (lane 1), 20-40 % 
ammonium sulphate fraction (lane 2), anti-senun (lane 3) and 
molecular weight markers (lane 4) are shown in 12.0 % SDS-PAGE gel. 
10-20 |ig of each preparation was electrophoresed on the slab gel and 
silver staining was adopted. 
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Figure 29 Effect of incubation of native and pNIPAm coupled bromelain at 25°C 
for various durations on enzyme activity. 
Native bromelain (•), or that randomly coupled (•) or uniformly 
coupled (A) to pNlPAm preparations were incubated for various 
dxnations at 25°C and assayed under the standard conditions. Each 
value is the average of at least three independent experiments carried 
out in duplicate. 
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Coupling of bromelain to the pNIPAm did not significantly affect the LCST 
of the polymer that remained at 32°C. The LCST values were also only marginally 
affected by binding of the antibromelain antibodies to the bromelain linked to the 
polymer. These studies are in agreement with the earUer studies that coupling of 
proteins to the pNIPAm does not significantly alter the LCST (Chen and Hoffman, 
1993; Fong era/, 2002). 
3.3.2.3 Digestion of hemoglobin and IgG 
The activity of pNIPAm coupled bromelain preparations to digest denatured and 
native protein was investigated in order to examine possible alterations in 
proteolytic activity. As shown in figure 30, hemoglobin was nearly completely 
digested both by the native bromelain and that coupled to pNIPAm via the amino 
groups, respectively to small molecular weight peptides. Similar results were 
obtained with the bromelain preparation coupled via the ohgosaccharide chain. 
Bromelain has been shown to be ineffective in complete digestion of 
human IgG (Vidal and Sasaki, 1975). This has been ascribed to the presence of IgG 
subclasses that are not susceptible to bromelain degradation. Figiu-e 31 shows that 
extensive incubation either with free or polymer linked bromelain preparations 
resulted in only limited cleavage of the IgG. These studies suggest that coupling 
bromelain to pNIPAm does not result in marked alteration in its specificity and 
abiUty to degrade proteins. 
3.4 Immobilization of bromelain on pNIPAm witii altered LCST 
pNIPAm normally exhibits a LCST value around 30°C that suits a number of 
applications (Park and Hoffman, 1993; Takei et al 1994). Enzyme Unked polymers 
with higher LCST may however be advantageous in carrying out catalytic 
transformations at higher temperatures in soluble state. Some studies have 
described strategies by which the LCST can be altered (Uludag ef a/, 2001). This 
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Figure 30 Digestion of hemoglobin by native and pNIPAm coupled bromelain 
The native bromelain (A) and that randomly coupled to pNIPAm (B) 
were incubated with hemoglobin as described in the text and subjected 
to SDS-PAGE. Lane No. 1, 2, 3, 4 and 5 contain samples incubated for 0, 
2, 4, 8, and 12 hours, respectively. 
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Figure 31 Digestion of IgG by free and pNIPAm coupled bromelain 
The rabbit IgG were incubated with native bromelain or randomly 
coupled to pNIPAm and subjected to SDS-PAGE. Lane 4 contains native 
IgG. Lanes 3, 2 and 1 contain IgG samples incubated with native 
bromelain for 4, 12 and 24 hours respectively. Lanes 5, 6 and 7 contain 
IgG samples incubated with bromelain coupled to pNIPAm via the 
amino groups for 4,12 and 24 hours, respectively. 
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section describes a study in which LCST of pNIPAm was raised by incorporating 
acrylamide and acrylic acid and the effect of coupUng of bromelain to the polymer 
was investigated. 
3.4.1 Coupling of bromelain to pNIPAm containing acrylamide and acrylic acid 
The procedure described by Zhu et aJ. (1998) was followed for the preparations of 
pNIPAm-bromelain conjugates except that the preparation contained varying 2-6 
mole percent of acrylamide (Ac) or acryUc acid (AAc). As described earlier in case 
of the pNIPAm all the preparations containing Ac or AAc were of large molecular 
weight as they excluded from a Sepharose 4B column. Increase in the 
concentration of either Ac or AAc in the pNIPAm did not alter the quantity of 
bromelain coupled to the support significantly, although conjugation yield of the 
enzyme on the polymer containing lower concentrations of Ac or AAc appeared 
slightly higher (Table 7). Similarly the additional incorporation of either Ac or 
AAc altered the r| values only marginally. The rj value increased slightly with 
increase in the concentration of Ac or AAc. The incorporated Ac/AAc is expected 
to increase the hydrophiUcity of the polymer and hence that of the 
microenvironment of the enzyme. The r\ was somewhat higher for AAc 
incorporated polymer preparations. Repulsion between the ionized carboxyl 
groups of AAc may expand the polymer chains making the coupled enzyme more 
accessible for action on the substrate (Buhnus etal, 2000). 
3.4.2 Properties of bromelain coupled to pNIPAm containing Ac/AAc 
3.4.2.1 Effect of incorporated Ac/AAc on the LCST of the polymer 
The LCST of pNIPAm and that with enzyme conjugated enzyme, as also shown 
earlier, remained at 32°C. Incorporation of either Ac or AAc resulted in a 
concentration dependent increase in the LCST values (Fig. 32). This is in 
agreement with the earlier observations that incorporation of hydrophilic 
monomer, increases the LCST of the pNIPAm (Feil efaZ, 1993; Yoshidaefa/, 
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Table 7 Immobilization of bromelain on co-polymers of NIPAm and Ac or 
AAc 
Additional monomer 
(mol %) 
None 
Ac-2 
Ac-4 
Ac-6 
AAc-2 
AAc-4 
AAc-6 
Bound enzyme activity 
(U/g) 
Theoretical 
A 
1733 
1767 
1738 
1667 
1800 
1756 
1700 
Actual 
B 
381 
406 
435 
467 
414 
457 
527 
Effectiveness 
factor 
(n) 
BA-' 
0.22 
0.23 
0.25 
0.28 
0.23 
0.26 
0.31 
Each value is the average of at least three independent experiments with 
variation not exceeding 4.0 %. 
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Figure 32 Effectof incorporation of Ac/AAc in pNIPAm on the LCST. 
The LCST of the pNIPAm containing various concentrations of Ac (•) 
or AAc (•) was determined as described in the Methods. 2.2.1.4. Each 
value is the average of at least three independent experiments and S.D. 
shown with error bars. 
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1994). The increase was more marked in case of the AAc incorporated polymers as 
compared to those containing Ac and the LCST was maximum for pNIPAm with 
6% AAc. AAc is likely to contribute more towards the hydrophilicity of 
the copolymer than to Ac because of the ionizable carboxyl groups and repulsion 
between the groups may cause increase in LCST (Bulmus et aJ., 2000). 
3.4.2.2 Effect of pH 
The effect of pH on the activity of pNIPAm coupled bromelain preparations was 
studied both at 28°C and 42°C (Fig. 33). All the preparations were soluble at 28°C 
but transformed into the insoluble form at 42°C. All polymer coupled preparations 
exhibited activity optimum at pH 10.0 both at 28°C and 42°C. The activity profiles 
of bromelain coupled to the polymer at 42°C were somewhat sharper than those at 
28°C as also discussed earlier. Arasaratnam et al. (2000) have also shown that 
trypsin conjugated to the polymer is more accessible to the inhibitor in its soluble 
form than to when the conjugate is in insoluble form. The pH-activity profiles of 
all the polymer coupled enzyme preparations were broader than that of the native 
enzyme. The broadening of the activity profiles increased with the increase in 
concentrations of Ac or AAc incorporated and was maximiun for the preparation 
with 6% AAc. This may be related, as also discussed earlier, to the resistance of the 
polymer linked enzyme to autolysis or conformational alterations occurring at the 
pH values far removed from optimum pH. 
The shift in pH optimum towards alkaUnity can be attributed to the 
alterations in the microenvironment of the enzyme. It is well recognized that 
concentration of positively charged substrate wiU increase in the vicinity of 
support matrices that have multiple negative charges in proportion to the charge 
density. The enzyme will consequently experience a pH below that of the bulk 
phase. This will evidently lead to the shift in pH optimvun towards alkalinity. 
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Figure 33 Effect of pH on the activity of bromelain coupled to pMPAm 
containing Ac/AAc 
pH-activity profiles of native and pNIPAm coupled enzyme 
preparations were determined at 28°C (A) or at 42°C (B). The bromelain 
preparations were incubated with casein at various pH values and 
activity determined as described in the text. Native bromelain (•), 
bromelain coupled to pNlPAm (o), pNIPAm containing 2.0% Ac ( T ) , 
AAc ( ); 4.0% Ac (A) AAc (•), 6.0% Ac (•) AAc ( ). Each value is the 
average of at least three independent experiments. 
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3.4.2.3 Effect of temperature 
Temperature activity profiles of polymer coupled enzyme preparations showed 
that the retained activities increased with the increase in temperature across the 
LCST (Fig. 34). As also observed earlier, there was no effect of thermal transition 
on the activity of polymer bound preparations (Chen and Hsu, 1997). Native 
bromelain exhibits optimum activity at 60°C, while all the pNIPAm linked 
preparations showed a shift in temperature optimimi to 70°C. The preparations 
also retained greater fractions of maximum activity at higher temperatures. 
Preparation with 6% AAc at 40°C (where it is in soluble form) showed 65% 
retained activity, higher than that of other preparations almost comparable to that 
of free enzyme which retained 68% of the maximum activity. The preparation was 
also most stable with retention of nearly 80% of maximum activity at 80°C. 
The remarkable increase in stabiUty of bromelain preparations coupled to 
the polymer is also substantiated from the data shown in figure 35. All the 
pNIPAm hnked preparations were more stable and retained higher fractions of 
activity than the native enzyme at 60°C for up to 3 hours. The remarkable increase 
in the stabihty of polymer coupled enzyme preparations may be related to the 
multipoint attachment of the enzyme on the polymer and restriction in the 
mobility of enzyme due to the precipitated polymer at temperature above LCST 
(Chen and Hsu, 1997; Ulbrich et al, 1986). The resistance to inactivation appears 
to increase shghtly but consistently with the increasing concentration of Ac and 
AAc. Poly NIPAm preparation without incorporated Ac or AAc retained 45% of 
initial activity while preparation with 6% AAc retained 83% activity at 60°C after 
180 minutes of incubation. 
3.4.2.4 Km values 
Km was determined for the polymer coupled preparations using LNPE as a 
substrate and the reaction was carried out at 25°C (Bajkowski and Frankfater, 
1975). The lineweaver-burk plot showed Km for the native enzyme to be 2.86 mM 
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Figure 34 Effect of temperature on the activity of bromelain coupled to the 
pNIPAm containing Ac or AAc 
Native bromelain (•); bromelain coupled to pNIPAm (o) and pNIPAm 
containing 2.0% Ac ( • ) , AAc (r); 4.0% Ac (A), AAc (•); 6.0% Ac (•), 
AAc ( ) were incubated wdth casein at the indicated temperatures and 
caseinolytic activity was determined. Each value is the average of at 
least three independent experiments. 
Figure 35 Thermal inactivation of pNIPAm coupled bromelain preparations with 
incorporated Ac/AAc 
Native bromelain and the bromelain preparations coupled to pNlPAm 
were incubated at various durations at 60°C, cooled and assayed under 
the standard conditions. Native bromelain (•); bromelain coupled to 
pNIPAm (o); pNIPAm containing 2.0% Ac ( T ) , AAc (z); 4.0% Ac (A), 
AAc (•); 6.0% Ac (•), AAc ( ). Each value is the average of at least 
three independent experiments. 
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and it decreased to 1.54 mM on coupling of enzyme to pNIPAm (Fig. 36). This 
shows good access of the enzyme to the substrate which was anticipated because 
the polymer coupled enzyme preparation was soluble at this temperature. The 
increase in Km of the coupled enzyme for the substrate is difficult to explain and 
related to a conformational change of the enzyme. Alternatively, favourable 
partitioning of the substrate near the active site may result from the micro-
enviroimiental effect (Chen and Hoffman, 1993). The decrease in Km for the 
bromelain coupled to AAc containing polymers may be attributed to the 
attraction between the oppsitely charged polymer matrix and the substrate. 
Lysine is a constituent of LNPE used as a substrate in the determination of Km 
values. The pK of s-amino group of lysine is 10.2 and the group is expected to have 
positive charge at pH 4.6 used in the assay (Bajkowski and Frankfater, 1975). The 
opposite charge of matrix and substrate contributes toward the apparent decrease 
in Km. Km values further decreased with the increasing concentration of 
incorporated Ac and AAc in the polymer and the decrease was more significant for 
the enzyme coupled to the polymer containing AAc (Table 8). Increased 
hydrophilicity of the polymer may also facilitate the partitioning of substrate in 
the enzyme microenvironment which is also hydrophilic in nature. 
3.4.2.5 Digestion of hemoglobin 
The activity of pNIPAm coupled bromelain preparations to digest denatured 
hemoglobin was investigated in order to examine possible alterations in 
proteolytic action. Usually enzyme immobilized on insoluble carriers show low 
activity towards macromolecular substrates due to low diffusion rate of the 
substrate or steric hindrance from the support but enzyme coupled to pNIPAm 
have shown better accessibiUty to these substrates like hemoglobin and casein 
(Chen and Hsu, 1997). Digestion of hemoglobin observed in case of the polymer 
coupled preparations, as evident from the disappearance of the hemoglobin band 
was fast, increasing significantly with increasing Ac/AAc contents (Fig. 37). 
88 
Figure 36 Lineweaver-burk plots of bromelain coupled to pNIPAm. incorporated 
with Ac/AAc 
LNPE was used as a substrate under standard conditions and reciprocal 
concentrations of velocity were plotted as a function of reciprocal 
concentrations of substrate for native bromelain (•); bromelain coupled 
to pNIPAm (o) and pNlPAm containing 2.0% Ac (T) , AAc (c); 4.0% 
Ac (A), AAc (•); 6.0% Ac (•), AAc ( ). Each point represents the mean 
of three experiments carried out in tripUcate with variations not 
exceeding 4.0%. 
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Table 8 Determination of Km values of native bromelain and bromelain 
coupled to pNIPAm containing Ac/AAc 
Bromelain preparations 
Native 
Coupled to pNIPAm 
Coupled to pNIPAm containing 2.0% Ac 
Coupled to pNIPAm containing 4.0% Ac 
Coupled to pNIPAm containing 6.0% Ac 
Coupled to pNIPAm containing 2.0% AAc 
Coupled to pNIPAm containing 4.0% AAc 
Coupled to pNIPAm containing 6.0% AAc 
Km 
(mM) 
2.86 
1.54 
1.05 
0.95 
0.83 
0.67 
0.59 
0.54 
Each value is the average of at least three independent experiments with 
variation not exceeding 5 %. 
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Figure 37 Degradation of hemoglobin by bromelain coupled to pNIPAm 
containing Ac or AAc 
The electrophoretic pattern of degradation of hemoglobin at 25°C by 
native bromelain (A) and that coupled to pNlPAm (B), co-polymers 
with 2.0% Ac (C), AAc (F); 4.0% Ac (D), AAc (G); 6.0% Ac (E), AAc 
(H) have been shown in 16.0 % SDS-PAGE. Lanes 1, 2, 3, 4 and 5 
contain samples incubated for 0, 2, 4, 8, and 12 hoius respectively. 
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Hemoglobin was completely digested on incubation for 12 hours with the 
free enzyme. Some small molecular weight peptides generated during digestion 
however remained resistant to further digestion. This behaviour was more marked 
in case of the bromelain preparations coupled to polymers containing higher 
concentrations of Ac or AAc. It is Ukely that the digestion resistant peptides may 
be relatively more hydrophobic or negatively charged and hence less accessible to 
action by the enzyme coupled to p(NlPAm) with higher concentration of Ac or 
AAc. 
3.5 Use of pNIPAm coupled bromelain in the purification of 
antibromelain antibodies 
As shown in a previous section pNIPAm coupled bromelain (randomly oriented) 
was capable of binding specific antibromelain antibodies and experiments were 
performed to determine its potential as affinity matrix for the purification of 
antibodies. Antiserum was raised as described earlier and five ml appropriately 
diluted, was incubated with 150 mg of the pNlPAm coupled bromelain in buffers 
of various pH. About 4.9 mg serum proteins were bound at pH 8.0 per 150 mg of 
the polymer at 25°C. Antibody binding was significantly lower at 37°C (Fig. 38). 
At 37°C the enzyme linked polymer is in insoluble form and the low binding of 
the antibody may result from limited access of the antibodies toward the pNIPAm 
coupled bromelain due to steric hindrance. 
Antibody was eluted at acidic pH by incubating the pNIPAm linked 
bromelain with bound antibody in 2.0 ml of 0.2 M glycine-HCl buffer, pH 3.0 for 
an hour at 25°C. Then the temperature was raised and the polymer was filtered. 
The eluate was immediately neutralized with 100 |il of 1.5 M Tris-HCl buffer, pH 
9.0. SDS-PAGE of the protein loaded, unbound, washed and finally eluted 
samples, is shown in figure 39. The plasma contained multiple characteristic 
protein bands, while the eluted fraction revealed only two bands of 50 kDa and 25 
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Figure 38 Effect of pH on the binding of proteins from anti-serum to pNIPAm 
coupled bromelain 
150 mg of pNIPAm coupled bromelain was incubated with anti-serum 
in buffers of various pH; 0.2 M phosphate buffer pH 6.0, 7.0, 8.0; 0.2 M 
bicarbonate, pH 9.0 at 25°C and 37°C separately for 12 hours. Protein 
bound was determined at 25°C (•) or 37°C (•). Each point represents 
the mean of three experiments carried out in duplicate. 
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kDa corresponding to large and small molecular weight bands of IgG, respectively 
(Fig. 40). Recovery of the pure IgG was also superior when incubation of the 
polymer and antiserum was performed at pH 8.0 prior to the elution at pH 3.0 
(Fig. 41). Specificity of the purified antibodies against bromelain was confirmed by 
the direct binding ELISA (Fig. 42). Absorbance at 450 nm for all the samples 
(1:2,00,000 dilution) also showed that maximum binding occurs at pH 8.0. Among 
conventional separation procedures, affinity chromatography continues to be a 
powerful strategy for various biomolecules. Unfortunately, most affinity supports 
are expensive, consequently affinity columns used for chromatography are 
generally small and purification of molecules from large volumes is problematic. 
Affinity precipitation has been suggested as an alternative and may be more 
effective as the binding occurs in homogenous phase (Taniguchi et ah, 1989). 
pNIPAm coupled antigen as shown in this study has remarkable potential in the 
large scale purification of antibodies from animal sera and/or hybridoma culture 
supernatants. Since pNIPAm is soluble below its LCST (32°C), binding of the 
antibody to pNIPAm-enzyme conjugate can be accomplished effectively in 
homogenous phase. This can be followed by raising the temperature slightly above 
the LCST to precipitate the pNIPAm-enzyme conjugate with bound antibody 
conveniently. Elution of the antibody from the insoluble pNIPAm-enzyme 
complex can then be performed in small volumes. The strategy may be useful in 
the isolation of both precipitating and non precipitating antibodies and hence 
applicable also to the purification of non-precipitating monoclonal antibodies from 
the hybridoma culture filtrates. Some earlier reports employed similar strategy for 
the purification of immunoglobulins (Nguyen and Luong, 1989) and some proteins 
(Mori etal, 1994; Hoshino et al, 1998; Teotia et al, 2001) at large scale. Kumar et 
al. (1998) have purified a-amylase inhibitor from the crude extract and wheat 
meal by the enzyme conjugated pNIPAm. Fong et al. (2002) conjugated pNIPAm 
to the IgG Fv fragment, the smallest fragment of the antibody that retains 
the antigenic affinity of the intact anti-lysozyme antibody for the successful 
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Figure 39 Purification of bromelain-spedfic antibodies fi-om rabbit anti-serum 
The SDS-PAGE of the antiserum (lane 1), imbound protein (lane 2), 
first, second, third and fourth washing of the polymer-antibody 
complex with buffer (lane No. 3, 4, 5 and 6 respectively) and sample 
eluted with 0.2 M glycine-HCl buffer, pH 3.0 (lane 7). 10 fig of serum 
and pvurified antibody and equal volvraies of supernatant and wasliings 
were electrophoresed on the slab gel and coomassie brilliant blue 
staining was adopted. 
Figure 40 Molecular weight determination of the purified antibody by SDS-PAGE. 
A Electrophoresis was performed in 12.0 percent gels. Lane 1 contained 
the standard molecular weight markers and lane 2 contained purified 
antibody (12 |xg). Pattern of purified antibody (lane 2) with the 
standard molecular weight marker protein mixture (lane 1) are shown 
in 12.0% denaturing gel. 
B Semilogarithmic plot of the molecular mass against the distance of 
migration of the standard marker proteins. Protein markers used for 
calibration were phosphorylase b (97.4 kDa), BSA (68 kDa), ovalbiunin 
(43 kDa), carbonic anhydrase (29 kDa), soyabean trypsin inhibitor (20 
kDa) and lysozyme (14.3 kDa). Arrows 1 and 2 indicate the position of 
the small and large molecular weight peptides of the purified antibody, 
respectively. 
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Figure 41 Effect of pH on the binding of antibodies to pNIPAm coupled bromelain 
The electrophoretic pattern of the antibody recovered from the 150 mg 
of pNIPAm coupled bromelain in buffers of various pH; 0.2 M acetate 
(pH 5.0); 0.2 M phosphate (pH 6.0, 7.0, 8.0) and 0.2 M bicarbonate 
buffer (pH 9.0) (lane 1, 2, 3, 4 and 5, respectively) incubated with same 
volume of serum for 12 hours are shown in 12.0% SDS-PAGE. Equal 
volumes of the eluate were electrophoresed on the slab gel and 
coomassie brilliant blue staining was adopted. 
Figure 42 ELISA of loaded, unboimd and eluted samples at different pH from 
pNIPAm coupled bromelain 
150 mg of pNIPAm coupled bromelain in buffers of pH 5.0, 6.0, 7.0, 8.0 
and 9.0 were incubated with same volume of serum for 12 hours at 
25°C. Absorbance at 450 nm for added serum (•), unbound (•) and 
eluted (•) samples from pNIPAm coupled bromelain at 1:2,00,000 
dilution The experiment was done in duplicate with variation not 
exceeding 4.0%. 
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purification of the enzyme. pNIPAm has also been conjugated to antibodies for 
immunodiagnostic assays, protein A for antibody purification, oUgonucleotide for 
DNA purification at large scale (Costioli et al., 2003), trypsin to purify sporamin, a 
trypsin inhibitor from sweet potato juice (Lee and Chen, 2004). The work 
described above substantiates the observation and suggests the usefulness of the 
polymer-linked enzyme in antibody purification. 
3.6 Entrapment of pNIPAm-bromelain conjugate in calcium alginate 
beads 
The pNIPAm coupled bromelain was also investigated for possible temperature 
controlled release from porous calcium alginate beads. It is well recognized that 
calcium alginate beads are highly porous and readily release entrapped proteins 
and enzymes while retaining larger entities (Husain etal., 1985). 
3.6.1 Effect of different factors on the entrapment yield of the polymer 
conjugated bromelain 
Concentrations of alginate between 3-5% were taken to prepare calcium alginate 
beads for the entrapment of the pNIPAm-bromelain conjugate (randomly 
coupled). Beads were then dissolved in 1.0% (w/v) EDTA to estimate the amount 
of entrapped polymer conjugated bromelain. Entrapment of pNlPAm-bromelain 
(Fig. 43A) increased with the increase in alginate concentration up to 5.0% (w/v). 
Above this concentration, however the entrapment yield began to decrease. The 
preparations with 5.0% alginate were therefore used for the studies. 
Effect of calcium chloride concentration on entrapment yield was also 
studied for 5.0% alginate beads (Fig. 43B). There was a sUght increase in the 
entrapment yield at 2.0 M as compared to that at 1.0 M CaCb. Further increase in 
the CaCk concentration did not affect the entrapment yield. Alginate beads were 
therefore prepared using 5.0% alginate and 2.0 M CaCb concentration for further 
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Figure 43 Effect of alginate and caldum chloride concentration on the entrapment 
yield of pNIPAm coupled bromelain in Ca-alginate beads 
200 U of bromelain coupled to pNIPAm was mixed with the indicated 
concentrations of sodium alginate and beads were prepared in 2M 
calcium chloride solution (A). The enzyme was mixed with 5% Na-
alginate and beads prepared in solution containing the indicated 
concentration of CaCb (B). The beads were removed by filtration, 
washed and dissolved with 1% (w/v) EDTA, for the estimation of 
enzyme entrapped. 
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experiments. It was also revealed from the experiments that as compared to the 
native bromelain (154 U), higher amoimt of bromelain coupled to the polymer 
(190 U) was entrapped in calcium alginate beads out of 200 U of enzyme added in 
each case. 
Alginate entrapment of enzyme is widely xised due to non-toxicity of the 
matrix and possibility of variation in bead size of the gel as well as high yields of 
immobilization. It has been used to immobilize cell organelles, micro-organisms, 
plant and animal cells successfully (Smidsrcjjd and Gudmtmd, 1990; Kierstan and 
Bucke, 2000) but due to high porosity it has not proved to be an efficient system 
for enzyme inunobilization (Blandino era/., 2000; Musthapa etaJ., 2004). 
3.6.2 Leakage of free and pNIPAm coupled enzyme from Ca-alginate beads 
Leakage profiles of both free and pNIPAm coupled bromelain were studied from 
Ca-alginate beads containing 3%, 4% or 5% alginate at 25°C (Fig. 44). The leakage 
was more significant in the case of free bromelain as compared to that of the 
pNIPAm bound enzyme from the beads containing various concentrations of 
alginate. The low leakage of the pNIPAm coupled bromelain may be related to the 
large molecvdar dimensions of the polymer coupled enzyme as compared to the 
native enzyme. As mentioned earUer, the polymer has large molecular weight and 
is excluded from Sepharose 4B. Release of enzyme decreased with increase in 
alginate concentration of the beads both for the free and p>olymer linked enzyme 
preparations and was least from the alginate beads prepared vising 5% sodium 
alginate at 25°C. When the bromelain entrapped beads were incubated at 40°C, 
there was almost no leakage of the enzyme from the beads containing pNIPAm 
linked enzyme but release of free bromelain was comparable to that at 25°C. In an 
earlier study it was shown that glycoenzyme leakage from the calcium alginate 
beads can be remarkably decreased by complexing them with the lectin con A 
(Husain et al., 1985). Con A-glycoenzyme conjugates are very large and insoluble 
and hence retained in the polymeric network of calcimn alginate. 
Figure 44 Release of free and polymer coupled bromelain from Ca-alginate beads 
Beads prepared using various concentrations of Na-alginate were 
entrapped with either free bromelain or that coupled to pNIPAm. The 
beads were removed by filtration, washed and incubated in sodium 
acetate buffer, pH 5.6 at 25°C. Appropriate voliune of the supernatant 
was taken after various durations and was assayed under standard 
conditions. The alginate concentrations used were 3 % (•, 0), 4 % (•, 
D) and 5 % (A, A). Hollow symbols indicate beads containing free 
enzyme and the fiUed symbols indicate those containing pNlPAm 
coupled enzyme. Each point represents the mean of three experiments. 
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With a view to investigate whether the release of pNIPAm coupled 
bromelain could be regulated by temperature alterations, two experiments 
were performed. In the first set, alginate beads containing the bromelain linked to 
pNIPAm were incubated at 25°C for 24 hours followed by raising the temperature 
to 40°C. In the second set of experiment, the beads were first incubated at 40°C 
followed by shifting them to water-bath at 25°C. As shown in figiu-e 45, initial 
incubation at 25°C resulted in gradual leakage resulting in the release of about 15 
percent of the entrapped polymer linked enzyme. When the temperature was 
raised to 40°C, however, the release was almost arrested with very little release of 
additional enzyme up to 48 hours of incubation. 
In the preparation incubated initially at 40°C, the leakage of the polymer 
linked enzyme was only marginal but subsequent shift to 25°C resulted in rapid 
release of the enzyme. This clearly indicates that release of pNIPAm coupled 
enzyme can be regulated by altering the temperature. Since the LCST of pNIPAm 
is normally around 32°C, significantly below the body temperature of mammals, 
the alginate beads containing the polymer-Unked enzyme are expected to release 
very httle enzyme. However, by decreasing the local temperature below the LCST 
the enzyme can be made to release readily as shown in the figure 45. Several 
studies are available in which pharmacologically active compounds can be released 
from polymeric matrices etc by local hypothermia (You et al., 1994). The model 
here on the other hand suggests that decreasing the temperature in the 
surrounding of the bead can lead marked enhancement in the release of alginate 
entrapped pNIPAm coupled enzyme. 
This difference in rate of release of free and polymer linked bromelain from 
the alginate beads was also studied by incubating them in 1% (w/v) casein (Fig. 
46). SDS-PAGE of the filtrate showed that casein present in the incubation 
medium was more readily digested in the samples incubated with beads containing 
soluble enzyme as compared to those with entrapped polymer-linked enzyme at 
25°C (Fig. 47). At 40°C pNIPAm - linked enzyme entrapped in alginate beads 
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Figure 45 Effect of thermal transition on the leakage of pNIPAm coupled 
bromelain from Ca-alginate beads 
Percent release of polymer coupled bromelain from 5.0 % Ca-alginate 
beads has been shown. The beads were incubated in 10 ml of sodium 
acetate buffer, pH 5.0 initially at 25°C up to 24 hours followed by the 
incubation at 40°C for another 24 hours (•). Alternatively, the beads 
were initially incubated at 40°C up to 24 hours followed by incubation 
at 25°C for 24 hours (•). Arrow indicates the time of switching of the 
incubation temperature. Each value represents the mean of three 
experiments carried out in duplicate. 
RcsuUs and DiscussipM 
I 
102 
Figure 46 SDS-PAGE of the casein 
Commercial casein was subjected to SDS-PAGE in 15.0% gel. Lane 1 
contained the molecular weight markers and lane 2, casein (12 i^g). The 
molecular weight markers were those used in experiments described in 
figure 40. Molecular weights of the two casein bands were 21.6 kDa 
and 19 kDa, respectively, determined by the semilogarithmic plot of 
the molecular mass against the distance of migration of the standard 
marker proteins. 
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Figure 47 Digestion of casein by the enzyme released from Ca-alginate beads 
entrapped with free bromelain and that coupled to pNIPAm. 
Free bromelain (A) or pNIPAm-coupled bromelain (B) was entrapped 
in 5.0% calcium alginate beads and were incubated with 1.0 % (w/v) 
casein at 25°C. Equal volumes of suspending medium at different 
diu-ations were iised for the measurement of hydrolysis of casein. Lane 
No. 1, 2, 3, 4, 5 and 6 contained casein samples incubated with the 
suspension incubated with the beads for 0, 2, 4, 8, 12 and 24 hours 
respectively. 
Panel C contains casein samples from the suspension incubated for 
various durations with calcivun alginate beads containing pNlPAm 
coupled bromelain at 40°C. 
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showed almost no proteolysis of casein. The enhancement in the leakage of 
polymer bound enzyme by temperature change is an interesting feature in 
catalysis and could be employed for selective enhancement in catalysis. 
3.7 Immuno-afBnity layering of bromdain 
Affinity immobilized enzymes have been found to be generally more active and 
stable than the enzymes immobiUzed by other methods (Saleemuddin, 1999). Also 
as discussed earlier, affinity bound invertase and p galactosidase preparations were 
generally superior to those containing covalently coupled enzyme, both in terms 
of r| values and stabihty. Attempts were therefore made to improve the amount of 
enzyme bound to the polymer by building affinity layers of enzyme and antibody. 
It was shown in earlier studies that binding of affinity layers using antibodies or 
lectins was remarkably effective in enhancing the stabihty of the enzymes against 
various forms of inactivation (Farooqi et al., 1997; 1999). 
3.7.1 Layering of bromelain and antibromelain antibodies on pNIPAm 
Additional binding of bromelain on pNIPAm-antibody conjugate could be 
accomplished by alternately incubating the conjugate vfixh bromelain and soluble 
antibody, as detailed in method section 2.2.2.6. As shown in the table 9, about ten-
fold increase in the activity of bound bromelain to the polymer could be achieved 
after subjecting the polymer to four incubation cycles wdth enzyme and antibody. 
It is also evident from the table that the r| value increased significantly up to the 
formation of four layers. The observed small increase in r\ after the foiuth affinity 
layer formation may be due to the overcrowding of the enzyme, hence, restriction 
in the substrate accessibility to the active site. Figure 48 shows that with each 
incubation cycle the total amount of antibody boimd to the polymer also increased 
significantly which in turn bound additional enzyme, leading to layer-by-layer 
increase in enzyme immobiUzation yield. 
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Table 9 Immuno-affinity layering of bromelain on pNIPAm coupled 
antibodies 
No. of 
Affinity 
layers 
1 
2 
3 
4 
Bound enzyme activity 
(U/g) 
Theoretical 
A 
Actual 
B 
1111 267 
2445 782 
4446 1690 
6222 2551 
Effectiveness factor 
(n) 
BA-> 
0.31 
0.37 
0.42 
0.45 
Each value represents the mean of at least three independent experiments 
with variation not exceeding 5.0 %. 
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Figure 48 EfiFect of the niunber of immunoafSnity layers on the binding of 
antibody 
300 mg of pNIPAm coupled antibody was incubated with bromelain 
and antibody alternately. Bound antibody was investigated for every 
immunoaffinity layer on pNIPAm. Each value represents the mean of 
three experiments. 
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3.7.2 Properties of immuno-affinity layered bromelain preparations 
3.7.2.1 LCST 
The LCST of the antibody conjugated polymer was 32°C in 0.1 M phosphate 
buffer. The LCST remained imaffected till the formation of two affinity layers, but 
decreased significantly after the formation of third and fourth layers. (Table 10). 
The crowding of enzyme/antibody molecules on the polymer may contribute 
towards hydrophobicity and decrease in solubility, hence decrease in LCST. 
3.7.2.2 Effect of pH 
Binding of bromelain on polymer conjugated antibromelain IgG shifted the pH 
optimum of the enzyme towards alkahne range, at both 25''C and 35°C (Fig. 49). 
The pH optimum of native bromelain is pH S.O, wliich shifted to pH 10.0 after 
binding to the pNIPAm precoupled with IgG. Further layering did not alter the 
pH optimum of the preparation but increased the retained fraction of activity of 
the enzyme both in alkaline and acidic pH range. The preparation with foiu-
affinity layers appeared most stable and exhibited greater fraction of maximum 
activity at extremes of pH. The activity profiles of the immuno-affinity layered 
preparations at 25°C and 35°C were comparable but those at 25°C were broader, 
suggesting loss of relatively small fraction of enzyme activity at the extremes of pH 
at this temperature. Apparently the insoluble form of the polymer at 35°C, causes 
restriction in mass transfer of the substrate and decrease of enzyme activity is 
observed at the temperatiu-e (Hoshino et al, 1997). 
3.7.2.3 Effect of temperature 
Figure 50 shows that the temperature optimum of the immobilized preparations 
changed to 70°C from 60°C, the temperature optimum of free bromelain. The 
immobilized preparations also retained greater fraction of maximum enzyme 
activity at 80°C and lower temperatures with the increasing number of affinity 
layers. The data suggests the affinity layering increases the resistance of the 
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Table 10 Effect of enzyme layering on LCST of the polymer 
No. of affinity 
layers 
1 
2 
3 
4 
LCST CC) 
32 
32 
31 
29 
Each value represents the mean of at least three independent experiments 
performed in triplicate with variation not exceeding 2.0 %. 
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Figure 49 Effect of pH on the activity of bromelain assembled on pNIPAm by 
affinity layering 
Appropriate quantities of native bromelain (•) and those containing 
one (•), two (A) , three (-) or four layers ( ) of anti-bromelain 
antibody/bromelain were incubated in buffers of various pH and were 
assayed at 25°C (A) and 40°C (B). Each value represents the mean of 
three different experiments carried out in duplicate. 
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enzyme to inactivation at higher temperatures. The increase in stabiUty is 
substantiated by the thermal inactivation performed at 60°C (Fig. 51). Affinity 
immobilized enzymes on supports with antibodies have shown enhanced 
resistance against various forms of inactivations (Solomon et al., 1987; Turkova, 
1993; Jafri and Saleemuddin 1997). Native bromelain loses its activity rapidly 
whereas immobilized preparations showed increase in retained enzyme activity 
with increase in the number of enzyme layers. The preparation with fourth 
enzyme layer retained 94% of the maximum activity under the conditions in 
which the free enzyme retained only 20%. 
Stable preparations with very high concentration of enzymes are valuable 
for enzyme-based biosensors where large amount of enzymes need to be attached 
on small area for maximum sensitivity (Alvarez-Kaza and Biletewski, 1993; 
Vandenberg et al, 1994). Quantity of glycoenzymes immobilized on supports was 
effectively raised by building bioaffinity layers of glycoenzymes with the lectin 
con A (Farooqui et al., 1997; Sardar and Gupta, 2005). Layering and raising the 
amount of immobilized enzyme is also possible by specific antibodies. Immuno-
affinity layering has markedly improved the detection limits of the sensors 
(Bourdillon et al, 1994; Farooqi et al, 1999). 
Chen and Hoffman (1993) and Fong et al. (2002) as well as the work 
reported earlier in the thesis showed that coupling of protein does not alter the 
thermal transition of pNIPAm. It is interesting to note that the binding of 
alternate antibody/enzyme layers also did not affect the LCST behaviour of 
pNIPAm. As mentioned earlier, the pNlPAm used in this study is of very high 
molecular weight and it is apparent that the polymer chains in spite of the 
association of enzyme and antibody are still capable of interacting with each other, 
forming insoluble complexes above LCST. It is therefore likely that each chain is 
linked to one or few molecules of enzymes only leaving large free areas that 
interact with each other at temperatures above LCST. The stability increases with 
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Figure 50 Effect of temperature on the activity of bromelain assembled on 
pNIPAm by affinity layering 
Temperature activity profiles of native bromelain (•) and that 
containing one (•), two (A), three {•) or four layers ( ) of anti-
biomelain antibodyA^iomelain were deteimined. Each value represents 
the mean of three different experiments carried out in duplicate. 
Figure 51 Thermal inactivation of imnjunoaffinity layered bromelain preparations 
on pNIPAm 
Thermal inactivation curves of native bromelain (•) and that 
containing one (•), two (A), three ( ) or four layers ( ) of anti-
bromelain antibody/bromelain were obtained by incubating for various 
durations at 60°C prior to the enzyme assay. Each value represents the 
mean of three different experiments carried out in duplicate. 
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increase in the enzyme layers is comparable with the observation made by Farooqi 
et al. (1999) using Sepharose supports. A highly active and stable preparation of 
enzyme that can be reversibly precipitated by change in the temperatvire may find 
several applications specially on the processing of large molecular weight/insoluble 
substrates. 
13 
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Summary 
Reversibly soluble enzyme preparations have the unique advantage of exhibiting 
high enzyme activity, superior ability to act on large molecular weight and 
insoluble substrates along with the convenience of ready separation from the 
reaction mixture. Attempts have been made in this study to prepare immobilized 
but reversibly soluble preparations of glycoenzymes with the help of poly N-
isopropylacrylamide (pNIPAm)-based polymers as support. 
Invertase was immobilized on pNIPAm containing 4.0% (w/w) glycidyl 
methacrylate (GMA) both by covalent coupling and affinity binding. The affinity 
bound invertase preparation showed somewhat higher effectiveness factor (r)), the 
ratio of actual to theoretical activity of the immobilized enzyme preparation, than 
the preparation in which the enzyme was covalently coupled. Temperature optima 
of the immobilized invertase preparations were not altered, but the temperature-
activity profiles were broader especially in the affinity bound preparation. 
Thermal inactivation at 60°C also revealed the higher stability of the immobilized 
enzyme preparations. The covalently coupled and the affinity bound preparations 
retained 68% and 74% activity, respectively after 180 minutes of incubation at 
60°C, while native invertase retained only 23% activity under the similar 
conditions. 
In order to investigate the possible effect of the molecular weight of the 
pNIPAm on the behaviour of the coupled enzyme, pNIPAm containing 4.0% 
(w/w) GMA was fractionated into high molecular weight (HMW), medium 
molecular weight (MMW) and low molecular weight (LMW) fractions by gel 
filtration through a Sepharose 4B column. The HMW, MMW and LMW pNIPAm 
exhibited the transition temperature (LCST) of 31°C, 32°C and 33°C, respectively. 
The pNIPAm polymers were coupled with con A and used for the immobilization 
of p-galactosidase. While p-galactosidase was bound to all of the polymer 
133 
preparations, more enzyme was immobilized on HMW polymer. The MMW 
preparation however exhibited highest 'r|' value. The polymer bound enzyme 
preparations did not show any change in the optimimi temperature but were 
markedly more stable at 60°C. The MMW preparation was also the most stable 
among all the three preparations. The pH-activity profiles of all the three pNIPAm 
boimd p-galactosidase preparations were comparable at 25°C and 35°C, the 
temperatures above and below the LCST, but these were somewhat broader at 
25°C. The MMW polymer bound preparation exhibited maximum retained 
activity at the extremes of pH both at 25°C and 35°C. The Km value of p-
galactosidase bound to MMW polymer was lower as compared to the native 
enzyme and HMW and LMW bound preparations when ONPG was used as a 
substrate. 
For investigating the effect of uniformly oriented coupling of enzymes on 
pNIPAm, stem bromelain was selected as a model. The enzyme contains a single 
ohgosaccharide chain that is not involved in the catalytic process. Bromelain was 
coupled to pNIPAm either via the amino groups (randomly coupled) or the lone 
oligosaccharide chain (tmiformly coupled). The 'r\' value was higher for the 
uniformly coupled bromelain preparation as compared to the randomly coupled 
preparation, suggesting higher access of ceisein to the enzyme. The pNIPAm 
coupled preparations exhibited broader pH-activity profiles and shifting of pH 
optimum to pH 10.0 at 35°C. At 25°C however the shifting of pH optimum was 
observed only in case of the randomly coupled enzyme. The temperature-activity 
profiles of bromelain coupled to pNIPAm also showed appreciable broadening, 
with the preparations retaining greater fractions of maximum activity above 
temperatirre optimimi. The optimum temperature of the uniformly oriented 
preparation but not the randomly coupled preparation increased to 70°C. The 
inactivation rates of the pNIPAm coupled bromelain were remarkably low at 60°C 
as compared to the native enzyme. Binding of the anti-bromelain antibodies 
further improved the resistance to inactivation of the polymer coupled 
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preparations. The randomly coupled bromelain was more stable than the native 
and uniformly coupled enzyme and retained over 35% activity after an incubation 
of 180 minutes at 60°C. The native and uniformly coupled enzyme retained only 
10% and 24% activities, respectively under the conditions. Binding of the 
antibodies resulted in very marked increase in the retained activity of the bound 
enzyme. Randomly coupled enzyme with bound enzyme exhibited over 75% 
retention of initial activity after 180 minutes of incubation at 60°C. The pattern of 
proteolysis of iarge molecuiar weight substrates, hemoglobin and IgG was 
unaffected by immobilization of bromelain on pNIPAm. While hemoglobin was 
degraded completely, IgG was partially hydrolyzed both by native and 
immobilized bromelain preparation. 
In order to prepare pNIPAm coupled enzyme preparations with higher 
LCST, NIPAm polymers containing various concentrations of acrylamide (Ac) or 
acrylic acid (AAc) were synthesized. Incorporation of Ac or AAc into the polymer 
increased the LCST in a concentration dependent manner but AAc was more 
effective in this regard; the LCST rose to 40°C when 6% (mol) AAc concentration 
was used. Incorporation of Ac or AAc, moderately increased the coupling of 
enzyme to the polymer and 'r|' of the coupled enzyme. The pH-activity profiles of 
the polymer coupled enzyme revealed a shift in the optimum pH towards 
alkalinity and all the preparations showed optimum activity at pH 10.0. While 
native bromelain was optimally active at 60°C, all the polymer linked preparations 
exhibited optimum temperature of 70°C. Bromelain preparations immobilized on 
pNIPAm containing 6% AAc showed higher retained activity at 40°C which was 
comparable with that of the native enzyme. Increase in the concentration of Ac or 
AAc resulted in a clear increase in the fraction of activity retained after exposure 
to 60°C and most resistant preparation was one which contained 6% (mol) AAc. 
While, all the pNIPAm coupled preparations digested hemoglobin efficiently, in 
the samples incubated with those containing higher percentage of Ac or AAc, 
some resistance of small peptides generated, to further digestion was observed. 
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Bromelain coupled pNIPAm was effective in the purification of anti-
bromelain IgG from rabbit anti-serum. At pH 8.0 and 25°C, the binding and 
recovery of antibodies from the anti-serum was optimal. The antibodies could be 
conveniently recovered by eluting them from the soluble enzyme conjugate using 
glycine-HCl, pH 3.0 and then raising the temperature of the polymer. The eluted 
material gave two bands corresponding to the light and heavy chains of IgG and 
retained the ability to bind bromelain as revealed by ELISA. 
The leakage of pNIPAm coupled bromelain from calcium alginate beads 
cotild be effectively controlled by the alteration in temperature. Leakage of free 
bromelain from alginate beads, containing various concentrations of the alginate 
was rapid, with more enzyme leakage occurring in beads of lower alginate 
concentrations. Leakage of the pNIPAm-bromelain was markedly slow as 
compared to the native enzyme but was relatively high from the beads containing 
lower concentrations of alginate. Alginate beads when incubated at 25°C, a 
temperature lower than the LCST, leaked significant pNIPAm-linked enzyme, but 
the release almost stopped when the temperature was raised above the LCST. 
Since the mammalian body temperature is above the LCST of the pNIPAm, it was 
envisaged that the enzyme linked to the polymer may be selectively released in 
vivo from a porous network like that of calcium alginate by local cooling. 
To increase the amount of enzyme immobilized on pNIPAm, 
immunoaffinity layering was adopted. Layering of bromelain and anti-bromelain 
IgG, alternately on pNIPAm showed remarkable increase in the amount of bound 
enzyme and 'r)' with every affinity layer. There was no alteration in the observed 
LCST, with the building of initial antibody-enzyme layers, but third and fourth 
affinity layers resulted in a small decrease in LCST of the preparations. There was 
a shift in pH optima towards alkaline range in case of the affinity layered 
preparations, both at 25°C and 35°C as compared to the native enzyme,. The pH-
activity profiles were comparable for all the affinity layered preparations, but were 
[36 
broader at 25°C than those at 35°C. The preparations also exhibited a shift in 
temperature optima to 70°C. All the affinity layered preparations showed 
improved resistance against inactivation at 60°C as compared to the native 
enzyme, which increased with the number of affinity layers. Native bromelain 
exhibited only 6% retention of the activity after incubation for 240 minutes at 
60°C while pNIPAm bound preparations containing one, two, three and four 
affinity layers retained 32%, 58%, 75% and 88% activities , respectively. 
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Abstract—Stem bromelain was covalently coupled to a thermosensitive polymer of N-isopropylacrylamide (p(NlPAm)) 
either through the amino groups of the enzyme (randomly coupled) or via the lone oligosaccharide chain (uniformly cou-
pled). The enzyme coupled via the oligosaccharide chain exhibited better access to the substrate casein as compared to the 
preparation in which the amino groups formed the point of contact between the enzyme and with the polymer. Native 
bromelain exhibited a pH optimum of 8.0 and a broad pH-activity profile. The polymer-coupled preparations exhibited 
broader pH-activity profiles and shifting of pH optimum to 10.0 at 35°C. At 25°C, the shifting of pH optimum was observed 
for the randomly coupled enzyme only The temperature-activity profiles of bromelain coupled to p(NIPAm) also showed 
appreciable broadening and the preparations retained greater fraction of maximum activity above the temperature optimum. 
The optimum temperature of the uniformly oriented preparation also rose to 70°C. Inactivation rates of the polymer-cou-
pled bromelain were remarkably low at 60°C as compared to the native protease, and binding of antibromelain antibodies 
improved the resistance to inactivation of the polymer-coupled preparations. The cleavage patterns of hemoglobin and IgG 
by the native bromelain and the polymer-coupled preparations were comparable. 
DOI: 10.1134/S000629790703008X 
Key words: poly(N-isopropylacrylamide), bromelain, thermosensitive polymer, oriented immobilization 
Thermoresponsive polymers are being extensively proteins, NIPAm is generally copolymerized with acrylyl 
studied as carriers for proteins and enzymes for a variety monomers containing reactive carboxylic [7], succin-
of applications in biotechnology including drug delivery, imidyl (8], or glycidyl groups [9]. While earlier studies 
achieving useful biotransformations, etc. [1]. Among involved the coupling of enzyme to multiple reactive sites 
these, polymers of N-isopropylacrylamide (p(NIPAm)) along the polymer backbone, strategies in which the 
are the most widely studied [2, 3]. p(NIPAm) exhibits low oligomer is linked to the enzyme by a single attachment 
critical solution temperature (LCST) (i.e. temperature are also available [10, 11]. 
for soluble <-^  insoluble transition) of 30-32°C in water Trypsin [11], lipase [12], cellulase [13], and (3-D-
and above the LCST the hydrated polymer collapses into glucosidase [8, 14J immobilized on p(NIPAm) polymers 
a globular state forming micelles [4]. LCST is believed to have been shown to be easily recoverable from reaction 
represent the temperature at which hydrophobic forces mixture and exhibit improved stability against some forms 
due to the interaction of-N(CH3)2 groups causing insol- of inactivation. Some studies have also described strate-
ubility in an aqueous environment are balanced by hydro- gies for site specific coupling of proteins to p(NIPAm) 
gen bonding between water and -NH- and/or - C = 0 using proteins engineered by inserting specific amino 
groups that retain the polymer in solution. Strategies for acids like cysteine with its exclusive -SH group (15] or 
favorably altering the LCST are also available and it can polylysine tag [16]. Stem bromelain is an endoprotease 
be effectively controlled by incorporating charged or with a single oligosaccharide chain linked to the polypep-
hydrophobic units in the polymer [5, 6]. For coupling of tide, which is not involved in catalytic function [17, 18]. 
It therefore provides an opportunity for coupling to the 
Abbreviations: LCST) low critical solution temperature; polymer, through the lone oligosaccharide chain, thereby 
p(NIPAm)) poly(N-isopropylacrylamide). orienting it uniformly on the support. In a recent study, 
* To whom correspondence should be addressed. we demonstrated that bromelain can be uniformly and 
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Abstract 
Bromelain was coupled to some polymers synthesized using N-isopropyl acrylamide 
(NIPAm) and various concentrations of acrylamide (Ac) or acylic acid (AAc). 
Incorporation of Ac or AAc into the polymers increased the LCST in a concentration 
dependent manner but AAc was more effective in this regard; the LCST rose to 40°C 
when 6 percent AAc concentration was used as compared to pNIPAm polymers that 
exhibit a LCST of 32°C. Incorporation of Ac or AAc also moderately increased the 
coupling of bromelain to the polymer and the effectiveness factor, TI, of the coupled 
enzyme. The polymer coupled enzymes revealed a shift in the optimum pH towards 
alkalinity with optimum activity at pH 10.0. While soluble bromelain showed maximum 
activity at 60°C all the polymer linked preparations exhibited optimum temperature of 
70°C. Thermal stability of bromelain when coupled to p(NIPAm) preparations was 
markedly superior as compared to that of the native enzyme. Increase the concentration 
of Ac or AAc in the polymers resulted in a clear increase in the fraction of activity 
retained after exposure to 60°C and the most resistant preparations were those that 
contained six percent AAc. All the polymer coupled preparations digested hemoglobin 
efficiently. These studies indicate that the incorporation of hydrophilic monomers leads 
to the increase in LCST of p(NIPAm) without impairing the capacity of the polymers to 
couple enzyme or the expression of the catalytic activity of the coupled enzyme. 
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